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Preface

This book contains the proceedings of the Internationa! Sym-
posium on the Developing Role of Short-Lived Radionuclides
(SLR's) in Nuclear Medical Practice held in Washington,
D.C., May 3-5, 1982. This was the second symposium that
focused mainly on the medical applications of iodine-123; the
first was entitled "Applications of Iodine-123 in Nuclear
Medicine" [HEW Publication (FDA) 76-8033]. Cosponsors
of the symposium were the then Bureau of Radiological
Health (BRH) (now the Center for Devices and Radiologi-
cal Health) of the Food and Drug Administration (FDA),
the Office of Health and Environmental Research of the
Department of Energy (DOE), the Pan American Health
Organization (PAHO), the Society of Nuclear Medicine
(SNM), and the American College of Nuclear Physicians
(ACNP). We are grateful to FDA and DOE for providing
the financial support that made the symposium possible and
to PAHO for making available their excellent facilities and
support personnel for the meeting.

The purpose of the symposium was to define the develop-
ing role and state-of-the-art development of SLR's in current
nuclear medical practice. Also, the meeting provided a
forum for concerned government, industrial, and professional
organizations to explore and coordinate potentials for
dependable commercial supply of SLR's to medical practice
through the establishment of a network of production facili-
ties. Special emphasis was placed on radionuclides with
general-purpose labeling capabilities. The need for high-
purity labeling-grade iodine-123 was emphasized in the pro-
gram.

In planning the program it was thought logical to devote
a series of presentations to e;-.ch of the following specific
areas: History and Review of SLR Development and the
Role of Sponsoring Agencies, Overview of Current SLR
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Development and Utilization from Various International
Venues, Present and Potential SLR Production (government,
noncommercial, and commercial facilities), Uses and Label-
ing with SLR's, and submitted papers of general interest.
The final day was devoted to consensus panels on (1) SLR
users, (2) noncommercial SLR producers, and (3) commer-
cial SLR producers. Finally, a special overview summary
and recommendations for present and future uses of SLR's,
skillfully presentid by Dr. Henry N. Wagner, Jr.,
highlighted the meeting.

Contained in this volume are the invited and contributed
papers in the order in which they were presented. The pub-
lished discussions represent efforts of the editors to record
the most significant of the informal comments made at the
meeting. It is hoped that the editing, performed in the inter-
est of brevit-- and clarity, has not done injustice to any
speaker's inu». .ons. Most of the papers and particularly the
consensus panel discussions were reproduced from tape
recordings. Every effort has been made to have the text cf
all the papers and much of the discussion reviewed by the
writer or speaker; in this regard the editors have received a
great deal of assistance. Owing to the sudden illness of Dr.
H. A. O'Brien, the noncommercial consensus panel was
chaired by Dr. F. J. Bonte. The consensus panel discussions
were edited by Dr. P. Paras, and any errors or failure to
convey the meaning as intended are his responsibility.

Special thanks go to Dr. William C. Eckelman and Mr.
Michael L. Cianci of George Washington University, Wash-
ington, D.C., who prepared the first draft of the executive
summary, and to Dr. Henry N. Wellman for reviewing it.
The close cooperation, patience, and assistance of Mary N.
Hill, Technical Publication Editor, DOE Office of Scientific
and Technical Information (OSTI), in performing the innu-
merable behind-the-scenes editorial tasks is acknowledged.
The excellence of this publication is the result of the skillful
editorial effort of Mrs. Hiil and members of the OSTI staff
(for editing, composing, graphic arts, and photography).

The symposium was the result of the foresight of
Dr. Peter Paras and Dr. J. W. Thisssen who recognized the
need to reassess the status of iodine-123 productions for
research arid clinical applications and to develop recommen-
dations for convenient availability. Dr. Henry N. Wellman
served as the chairman of the symposium. The program
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committee representatives of the sponsoring organizations
were responsible for the final program; members of the Pro-
gram Committee were. Chairman, Henry N. Wellma.n..
M.D., for ACNP; Cochairman, Vincent J. Sodd, Ph.D., for
the SNM; Peter iParas, Ph.D., for FDA; J. W. Thiessen,
M.D., for DOE; R. William Lambrecht, Ph.D., for the
SNM; and Leonard I. Wiebe, Ph.D., for the Radiopharma-
ceutical Council of the SNM. The major responsibility for
planning and implementing the program was vested to
Dr. Wellman and Dr. Paras, who handled the numerous
behind-the-scenes tasks involved in selection and acceptance
of the invited speakers who made possible the excellence of
the program and this publication.

A special luster was added to the meeting by the pres-
ence of Dr. William G. Myers, historian of the SNM, an
early leader in the use of radionuclides in medicine and in
particular the first to pinpoint the usefulness of iodine-123;
he has continued to contribute to research and teaching in
this field.

Similar meetings in the future are planned to bring
together government, industry, and professional experts who
will continue to contribute their knowledge to specific areas
in nuclear medicine.

Peter Paras, Ph.D.
Assistant Director for Nuclear Medicine

Center for Devices and Radiological Health



Introductory Remarks

It is certainly my pleasure to welcome you to these lovely
facilities of the Pan American Health Organization. These
PAHO facilities are extremely conducive to this kind of
meeting—a kind of give-and-take meeting, a meeting that
will include panels, and, I hope, much spontaneity from the
audience participating as well as from those who are present-
ing. We sre pleased to have with us Dr. Paul Ehrlich, who
is the Dt.-Kity Director of PAHO, who will welcome us on
the part of PAHO.

H. N. Wellman, M.D.
Professor of Radiological Internal Medicine
Director, Division of Nuclear Medicine
Indiana University Medical Center

On behalf of the Director of the Pan American Health
Organization, Dr. Hector Acuna, it is my great pleasure to
..elcome you to this International Symposium on the
Developing Role of Short-Lived Radionuclides in Nuclear
Medical Practice. Dr. Acuna is unable to be with you,
because he is in Geneva at the opening, today, of the World
Health Assembly.

As you may be aware, the highest priority of the interna-
tional health organizations, the World Health Organization
(WHO) and the Pan American Health Organization, is to
bring health services to populations that are not currently
receiving them. To emphasize this the member countries of
PAHO and WHO have agreed that health for all, by the
year 2000, is their chief global and regional goal. For the
successful implementation of this concept, a system to ensure
full backup by diagnostic and treatment services of good
quality is certainly essential.

Although most developing countries currently do not
have the capacity for producing short-lived radionuclides
(SLR's) for medical use, I am sure they are very interested



INTRODUCTORY REMARKS

in the /innovative developments in this area. In Latin Amer-
ica there is a potential that could be realized in the near
future. In our quest for the delivery of better health care,
high-quality imaging coupled with low radiologic risk has
important implications. The use of short-lived radionuclides
minimizes the risk and at the same time may improve the
diagnostic quality of nuclear medicine services.

The objectives of this symposium are to define the state
of the art and the need for short-lived radionuclides in cur-
rent nuclear medical practice and to provide a forum for dis-
cussion and the subsequent resolution of problems associated
with the production and distribution of SLR's. In this
regard, the need for labeling of compounds with high-purity
iodine-123 will play a major role in the program. Consensus
panels will discuss and offer insights on production, distribu-
tion, and labeling with SLR's in nuclear clinical practice.
We expect that the ideas and recommendations resulting
from this symposium will serve as useful guidance for all
concerned persons. We are hopeful that the obstacles regard-
ing availability of SLR's can be overcome. I understand that
significant progress, not only in the United States but in
Europe as well, has been made as a result of the 1975 meet-
ing organized by the Bureau of Radiological Health (BRH),
and Dr. Peter Paras of the Bureau should be thanked for his
untiring efforts in the area of SLR's.

With your task in mind, I wish you all a most rewarding,
productive, and pleasant experience during your stay here at
PAHO, and, as is said in Latin America, you are in your
house, please make yourselves at home.

Paul Ehrlich, M.D.
Deputy Directory
Pan American Health Organization



Contents

Preface

Introductory Remarks

HI

vii

Session I Session Chairman: H. N. Wellman, M.D.,
Indiana University Medical Center, Indianapolis, Indiana

Executive Summary 1

Interest of the Department of Energy in Production
and Development of Short-Lived Radionuclides 8

/. W. Thiessen

Overview of Past Activities for the Use of Short-
Lived Radionuclides and the Role of the Bureau of
Radiological Health 12

Peter Paras

The Position on Short-Lived Radionuclides of the
American College of Nuclear Physicians 23

J. D. Shoop

Keynote Address: The Medical Necessity for
Shorter Lived Radionuclides, Specifically "Pure"
Iodine-123 25

G. L. DeNardo, S. J. DeNardo, H. H. Fines,
M. C. Lagunas-Solar, and J. A. Jungerman

History and Review of Short-Lived Radionuclide
Development 42

W. G. Myers

Radiopharmaceutical Drug Review Process 54
Robert Frankel



'OMTENTS

Rare Isotope Production in the Ot"; Ridge Calutron
Facility: A Status Report 58

H. N. Wellman

General Discussion Following First Session 62
H. N. Wellman, Moderator

Session II Session Chairman: E. L Saengor, M.D.,

Cincinnati General Hospital, Cincinnati, Ohio

Overview of Current Status of SLR Pioduction and
Uses in Japan and Other Asian Countries 72

Masahiro Ho

Short-Lived Radionuclide Production Activities in
Continental Europe 86

F. Helus

Short-Lived Medical Isotopes at Harwell 104
/. G. Cumnghame

Production of Medical Short-Lived Radionuclides in
Canada 127

L. I. Wiebe

Review of Short-Lived Radionuclide Activities in
the United States

V. J. Sodd
138

Session Hi Session Chairman: J . D. Snoop, M.D.,

Geisinger Medical Center, Danville, Pennsylvania

Development of Short-Lived Radionuclides at Los
Alamos 147

H. A. O'Brien, Jr.. J. W. Barnes,
G. E. Bentley, F. J. Steinkruger,
K. E. Thomas, M. A. Ott, F. H. Seurer,
and W. A. Taylor

Short-Lived Radionuclide Production Capability at
the Brookhaven Linac Isotope Producer 161

L F. Mausner and P. Richards



CONTENTS

Radionuclide Production and Radiopharmaceutical
Chemistry with the BNL Cyclotrons 171

R. M. Lambrecht and A. P. Wolf

Feasibility of Short-Lived Radionuclide Production
at Fermilab 179

R. K. Ten Haken, M. Awschalom, and
I. Rosenberg

Short-Lived Radionuclides Produced on the ORNL
86-Inch Cyclotron and High-Flux Isotope Reactor 183

Eugene Lamb

A Multicurie, Transportable, Integrally Shielded
U3Xe-»123I Generator and Processing System for
High-Purity Iodine-123 Production 190

M. C. Lagunps-Solar, H. L Thibeau,
C E. Goodan, F. E. Little,
N. J. Navarro, and D. E. Hartnett

Cyclotron Production of High-Purity ml for Medi-
caj Applications via the l27I(p,5n)!23Xe—l23I
Nuclear Reaction 203

M. C. Lagunas-Solar

Isotope Production Capabilities at Indiana Univer-
sity Cyclotron Facility 222

D. L. Friesel

The Iodine-123 Program at the TRIUMF
Laboratory 232

J. S. Vincent

The Hammersmith Hospital Cyclotron Facility 241
D. J. Silvester

Production of High-Purity Iodine-123 with 15-MeV
Protons 244

H. B. Hupf

Short-Lived Radiopharmaceutical Development at
E. R. Squibb & Sons, Inc. 247

M. U. Loberg



CONTENTS

BNPI's Approach 252
M. H. Benedict

Short-Lived Cyclotron-Produced Radioisotopes:
Medi-Physics, Inc.'s Commitment 256

H. H. Cramer

An Industrial System for Producing Iodine-123 262
J. C. Brantley

Mallinckrodt's Position on SLR Production 266
T. L. Lee

Session IV Session Chairman: G. I. DeNardo, M.D.,
University of California at Davis Medical Center,
Sacramento, California

The Iodine-123 and Bromine-75 Production and
Development Program at Jiilich 268

G. Stocklin

Development of Radioiodinated Fatty Acids for
Applications in Nuclear Cardiology 289

F. F. Knapp, Jr., M. M. Goodman,
D. R. Elmaleh, R. Okada, and
H. W. Strauss

SPECT Brain Imaging with N-Isopropyl
[' 23I ]-p-lodoamphetamine 312

B. L. Holman, T. C. Hill, and
P. L Magistretti

Iodine-123-Labeled pH Shift Brain-Imaging Agents 320
M. Blau and H. F. Kung

Gold-195m Short-Lived Single-Photon Emitter for
Cardiovascular Studies 334

/. Mena, R. de Jong, F. J. Mena, and
K. A. Narahara



CONTENTS

Bromine-77-Labeled Estrogen Receptor-Binding
Radiopharmaceuiicals for Breast Tumor Imaging 339

K. D. McElvany

Research and Clinical Applications of Iodine-123
Fibrinogen in Coagulation Disorders 351

G. L. DeHardo, S. J. DeNardo,
M. A. Swanson, J. A. Wortman,
A. R. Twardock, and D. Colcher

New Syntheses of No-Carrier-Added 123I-Labeled
Agents via Organoborane Chemistry 377

G. W. Kabalka

Short-Lived Radionuclides Program at The
University of Michigan 384

D. M. Wieland

Renovascular Hypertension Screening with
Iodine-123 Orthoiodohippurate 393

B. E. Oppenheim, C. R. Appledorn,
B. H. Mock, H. Y. Yune, and
C. E. Grim

The Choice of Radionuclides for Radioimmuno-
therapy 401

S. J. DeNardo, J. A. Jungerman,
G. L. DeNardo, M. C. Lagunas-Solar,
W. C. Cole, and C. F. Meares

Some Observations on the Use of Iodine-123 for
Thyroid Imaging 415

U. Y. Ryo and S. Pinsky

Session V Session Chairmen: M. Looerg, Ph.D.;
E. Ft. Squibb & Sons. Inc., New Brunswick. New Jersey
W. Woif. Ph.D., University of California,
Los Angeles. California

Effects of Radionuclidic Composition on Dosimetry
and Scintillation-Imaging Characteristics of
127I(p,5n)- and l24Te(p,2n)-Made Iodine-123 for
Nuclear Medicine Applications 423

M. C. Lagunas-Solar and H. H. Hines



CONTENTS

Continuous Administration of She. (-Lived Isotopes
for Evaluating Dynamic Parameters 445

M. Selikson

Pulmonary Dynamics and Functional Imaging with
Krypton-81 m as Related to Generator Delivery
Characteristics 450

Ervin Kaplan

Iodine-123 Ortho-Iodohippurate: Some Experiences
with Logistics and Quality Control 455

K. A. Lathrop and P. V. Harper

Intracoronary Use of Rubidium-82 457
P. V. Harper, J. W. Ryan, J. Al-Sadir,
K. G. Chua, L. Resnekov,
R. Nierinckx, M. Loberg, and
the Los Alamos Medical Radioisotope
Group

Iodine-123-Labeled Radiotracers for Cardiovascular
and Testicular Imaging Studies: Labeling
of Phenyl Fatty Acids for Myocardiai Studies,
Fibronectin for Thrombus Localization,
and Human Chorionic Gonadotropin for
Testicular Studies 462

P. V. Kulkarni. S. E. Lewis, J. McConnell,
L. M. Buja, J. E. Wilson III,
J. T. Willerson, and R. W. Parkey

Comparative Impurity Levels in Iodine-i 23 Pro-
duced by (p,2n) and (p,5n) Reactions 471

R. C. Klemm and M. R. McKamey

Radiohalogen-Labeling Studies at Los Alamos 475
D. S. Wilbur, Z. V. Svitra. R. S. Rogers, and
W. E. Stone

Problems and Pitfalls in Bifunctional Cheiate Label-
ing with Indium and Gallium 484

W. Wolf, J. F. Harwig, A. G. Janoki, and
W. Chanachai



CONTENTS xv

New Myocardial Imaging Agents: Preparation of
15-(p-[ 123I]-Iodophenyl)-6-T'ellurapentadecanoic
Acid from Na[123I} by a Triazene
Decomposition Reaction 488

M. M. Goodman, A. P. Callahan,
F. F. Knapp, Jr., H. Strauss,
D. Elmaleh, P. Richards, and
L. F. Mausner

Total-Body Iodine-123 Scanning 494
R. C. Garcia

Short-Lived Radionuclide Users' Consensus Panel 497
F. J. Bonte, Chairman

Noncommercial Short-Lived Radionuclide Produc-
ers' Consensus Panel 519

F. J. Bonte, Chairman

Commercial Short-Lived Radionuclide Producers'
Consensus Panel 537

A. J. Tofe, Chairman

Wrap-Up and Recommendations 545
H. N. Wagner, Jr.

Subject Index 549



Executive Summary

The conference entitled "International Symposium on the Developing Role
of Short-Lived Radioisotopes in Nuclear Medical Practice" concentrated
on the use of I23I in a routine clinical setting. As Dr. Myers remarked
during the Symposium, it has been JWO decades since l23I was suggested*
as the ideal iodine radioisotope for imaging. Since that time several meet-
ings have been convened to extol its ideal properties. Why then is 123I not
used routinely in the clinic? There appear to be three major reasons why
123I is no* used routinely: (1) the development of inexpensive technetium-
99m radiopharmaceuticals for studying perfusion of the major organ
systems, (2) the lack of sufficient production facilities able to make high-
purity l23(, and (3) the lack of iodinated radiopharmaceuticals that mea-
sure physiology or regional biochemistry. The Symposium deatt with these
problems and assessed the progress in overcoming then.

THE DEVELOPMENT OF 99mTc RADIOPHARMACEUTICALS

The molybdenum-99m generator system was developed by P. Richards
and associa'es at Brookhaven National Laboratory in the late 1950's. The
daughter radionuclide, " T o , has nearly ideal nuclear properties for imag-
ing with the Anger gamma camera: short half-life, appropriate gamma-ray
energy, lack of significant decay processes that increase the absorbed radi-
ation dose to the patient but do not furnish useful gamma rays for imag-
ing, and ready availability through a generator system. Iodine-123
matches these properties in all cases except for the generator system. The

•w". G. Myers and H. O. Anger, Radioiodine-123, Journal of Nuclear Medicine, 3: 183
(1962).
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lack of a generator system, however, turns out to be significant in terms of
the clinical usefulness and availability. Tech net ium radiopharmaceuticals
have been developed to measure perfusion in the major organ systems.
With the many "instant" " T c kits available, it is not likely that an
iodine-labeled radiopharmaceutical would be clinically useful if it mea-
sured the same process. As a result 99mTc has the advantage over 123I in
many clinical situations because it presents a convenient, inexpensive alter-
native. New radiopharmaceuticals are needed which cannot be labeled
with 99mTc.

PRODUCTION FACILITIES FOR IODINE-123

It is important to define what is meant by high-purity m I for imaging.
High-purity I23I is generally produced by an indirect method througi. a
xenon intermediate by using a (p,5n) nuclear reaction on iodine. Small
amounts of I25I are produced but nc I24I. The 125I does not affect the
Anger camera images, but it can affect the absorbed radiation dose.
Iodine-123 containing 124I is usually produced by a (p,2n) or, in some
cases, a (p,n) reaction on tellurium. Iodine-124 is detrimental to most
imaging procedures because its high-energy gamma range and longer
half-life increase the radiation burden to the patient.

In Europe

In general the production, supply, and distribution of 123I in Europe are
much better than in the United States. As described during the
Symposium by Dr. Frank Helus, there are four types of production facili-
ties in Europe: (1) Physics department cyclotrons, which are shared with
other scientific fields; radionuclide production is irregular, and the prod-
ucts are generally used locally. (2) Commercial cyclotrons; there are
essentially three in continental Europe; their production is much greater
than that provided by the phyj'.cs department cyclotrons; products are pro-
duced and distributed on regular schedule. (3) Dedicated cyclotrons;
there are eight cyclotrons in Europe exclusively for biomedical applica-
tions in radiation biology, neutron therapy, and radionuclide production.
(4) Proposed medical cyclotrons; these are expected to be high-energy
beam (40-MeV) machines that will produce 123I. The European production
method of 123I is predominately via the (p,2n) reaction. The two largest
producers of (p,5n) 123I are Switzerland and the United Kingdom. The
British produce 700 mCi/week at the time of separation; the Swiss pro-
duce approximately twice that amount.

The relative success of the Europeans regarding short-lived radionu-
clides is considered by consensus to be due to (1) the distribution, which is
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carried out directly over a small geographic area, thereby eliminating a
two-step distribution process and its inherent logistic problems; (2) the
accessibility, whereby the noncommercial cyclotrons are more accessible to
the people who produce radionuclides rather than to competing groups of
physicists; and (3) the regulatory process, whic'u results in shorter govern-
ment approval time than that required in the United States.

In Canada

In Canada the demand for (p,5n) iodine-123 is increasing rapidly, and,
through cooperative efforts of production, the Canadians have been able to
supply both the (p,2..» and the (p,5n) product. The increased demand and
difficulties in distribution of !23I may eventually lead to having both forms
available with the (p,2n) iodine-123 material of lesser purity being used
for certain procedures that do not require high-purity I23I.

In the United States

A consensus on the availability and use of I23I in the United Stales
focused on five areas:

Purity

The general consensus is that the presently available forms of I23I
differ greatly in their usefulness. Iodine-123 produced via the (p,2n) reac-
tion, because of its long-lived, higher energy contamination (!24I), is
undesirable for most imaging procedures and increases the radiation bur-
den to the patient. The demand for high-purity !23I produced by the (p,5n)
reaction or its equivalent will be high.

Routine Production

Supplies of (p,2n)'23I are currently available from two commercial
sources but are frequently insufficient or interrupted. Although the capa-
bility and potential are there, at present, university and nationai facilities
cannot supply the perceived n",ed for high-purity I23I, because of the cost
and time needed for production. The operation of these noncommercial
facilities is a problem in that they depend upon other users for the major
support of the machine. In general, radionuclides are produced at national
facilities with excess beam, and it is not possible to operate these facilities
independently at the present support level.

Associated Costs and Distribution

The associated costs of producing and distributing 123I in either (p,2n)
or (p,5n) form are similar in some respects and drastically different in oth-
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ers. The production of high-purity (p,5n) material is more costly than the
(p,2n) process. This is in part due to higher particle energy and higher
current requirements that make the machine more costly to build and
operate. In either form the short half-life presents distribution problems
that almost mandate multiple centers of production and changes in
distribution methods to eliminate problems. A reliable, uninterruptible
supply of reasonably inexpensive high-purity material is required.
However, there seems to be a conflict regarding the source of funds to
achieve this.

Funding and Commercial Investment

The central issue of the routine production and availability of ultrapure
!23I seems to lie in the necessary financial investment in facilities, both pri-
vate and commercial, to provide the product. A cooperative venture
between both groups to provide I23I via a network of cyclotrons might be
the ultimate solution. The commercial sector is asking for evidence tc sup-
port the need before comr- itting large investments to this application.

Three important statements were presented by the commercial produc-
ers' consensus panel:

• A recognition that the noncommercial laboratories have been the
leaders in the development of radiopharmaceuticals.

• A recognition that the noncommercial laboratories have been the
initiators, the first step in the commercial cycle.

• Where the needs for a product are clearly understood, industry
will respond.

The Regulatory Process

In the United States, the approval mechanism for radionuclides must
be improved to respond in a timely fashion so that programs can continue
to function. The approval for m I for thyroid studies was delayed for many
years.

NEW IODINATED RADIOPHARMACEUTiCALS

Recently, l23I-labeled radiotracers have been developed which may
warrant the investment in cyclotrons. At present the most papular I23I
radiopharmaceutical is sodium iodide. Iodine-123-labeled Hippuran has
also been suggested, but here again it appears that a ""Tc radiophanna-
ceutical will replace it. The " T c DADS, [N, N'-bis(mercaptoactamide)
ethylenediamine], or a derivative thereof, should be able to measure kidney
secretion with the same efficiency as that found with 123I Hippuran with-
out the added expense of the cyclotron-produced radionuclide. Thallium-
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201 and galIium-67 are tw- other examples of cyclotron-produced radionu-
clides for which the chance of replacement by " T o was perceived as
small. On that basis cyclotrons have been purchased and in fact have been
dedicated to the production of these two radionuclides. It is interesting to
note that now " T c cations are being suggested as a replacement for 2OIT1
in myocardial imaging. The correct choice of the type of 123I radiotracer
can avoid the possibility of replacement by a " T c radiotracer.

A number of radiopharmaceuticals can be used to measure regional
biochemistry. Because of the large perturbation involved in the inclusion of
a " T c atom in a biochemical or drug, this type of I23I radiotracer is
likely to find clinical utility. That is why this class of 123I radiotracer will
not be easily replaced by 99raTc. Of the radiopharmaceuticals suggested as
biochemical probes, a number appear to be approaching clinical utility.
Because of the importance of these compounds to the future of 123I, they
are discussed in detail in the following sections:

Fatty Acids for Myocardial Function

Iodooleic acid has been used for fat absorption studies and for myocar-
dial imaging. Recently, iodinated phenyl fatty acids have been prepared.
The compound is taken up rapidly in the heart and metabolized with a
major fraction of the lipid-soluble products in the myocardial triglycerides.

The clinical usefulness of iodinated fatty acids remains an open ques-
tion. As myocardial imaging agents, the pharmacokinetics are too rapid to
permit imaging by single-photon emission computed tomography (SPECT)
systems. In addition, the expense of l23I-labeled fatty acids will probably
far outweigh the expense of the present agent JO1T1. The first problem has
been overcome by developing agents that are "metabolically blocked,"
Agents such as radioiodinated-tellurium fatty acids are retained in the
myocardium for sufficient times for SPECT imaging, but the radiopbar-
maceutical cost will still be high. Because of the high extraction of fatty
acids and their derivatives, Incli; information about fatty acid metabolism
can be obtained by using "metabolically blocked" agents. Information
about fatty acid metabolism can be obtained from the w-labeled alkyl fatty
acids, but the iodophenyl fatty acids have not been studied to determine if
they too can yield information about fatty acid metabolism.

Myelin-lmaging Agent

The concentration of radiotracers in white matter is a complex function
of blood-brain barrier permeability, metabolism, and lipophilicity. Iodin-
ated benzene appears to fill these criteria on the basis of the work of
K. A. Frey et al. at the University of Michigan. Radioiodinated benzene
is prepared by the diazonium reaction, using freshly distilled aniline.
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Neuronal Uptake Agents

A number of agents have been suggested for myocardial imaging, but
few have successfully imaged the myocardium in man. One compound
based on guanethidine, however, did show myocardial uptake in man. This
compound, m-iodobenzylguanidine (IBG), undergoes the same uptake,
storage, and release mechanisms in myocardial neurons as norepinephrine,
but it is not metabolized. Radioactive IBG is prepared by an iodide
exchange procedure, using ammonium sulfate.

Estrogen-Receptor-Binding Radiotracers

The group of radioiodinated tracers that bind to the estrogen receptor
is one of the groups most heavily studied. This is because of the obvious
clinical demands for such a radiotracer. Many iodinated estrogens have
been evaluated but few with high affinity for the estrogen receptor. Dr.
M. Hochberg demonstrated that 16-iodoestradiol bonded to the rat
uterus and that the uptake was blocked by preinjection of diethylstilbes-
trol. This compound can be labeled at high specific activity with either i25I
or 13II. The uterus of a squirrel monkey has been imaged with a gamma
camera. '

The compound 17-iodovinylestradiol has been labeled by two methods:
radioiododestannylation and radioiododeboronation. The radioiododestan-
nylation was carried out using I23I2 in CCI4 in 60% yield but at a relatively
low specific activity of 2.5 Ci/mmole. Likewise, the same compound has
been prepared by using a boron derivative and 125IC1. Recently, techniques
have been developed for no-carrier-added iodination of this estrogen.

BJood-Flow Agents Based on pH Shift

H. F. Kung and M. Blau have proposed a method of localization based
on pH differences between blood and brain. They have prepared
various iodinated species containing amines. The best of these
is N,N,N'-trimethyl-N'-[2-hydroxy-3-methyl-5~iodobenzyl]-l, 3-propanedi-
amine (HIPDM). This is labeled by an exchange technique. Earlier H. S.
Winchell and associates proposed an iodinated amphetamine that has simi-
lar distribution to HIPDM. The mechanism of localization of iodoamphet-
amine is not known, but it is presumed to be by pH shift mechanism in
part and to binding to low-affinity high-capacity proteins.

Muscarinic Cholirtergic Receptor-Binding Radiotracers

These agents are designed to study the change in muscarinic choliner-
gic receptor as a function of disease. The compound 3-quinuclidinyl-p-
iodobenzilate (pIQNB) is prepared by the triazene reaction. Although the
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side reactions are numerous, radioiodinated pIQNB can be prepared at
specific activities of 1500 Ci/mmole by using either I25I or 123I, and
images of the dog heart and brain have been obtained using I25I pIQNB in
dogs and humans.

SUMMARY

The future of I23I depends on the development of this nuclide into clini-
cal radiopharmaceuticals. Although many routine WmTc radiotracers have
proven to be invaluable clinically, many potential biochemical tracers are
not amenable to labeling with 99mTc. A number of cyclotron-produced
radionuclides have been clinically successful, e.g., in 2-fluoro-
2-deoxyglucose. However, the widespread use of metabolic tracer will only
be realized by using I23I. Abundant, reasonably priced, high-purity I23I
from national facilities is the only potential solution to make such
radiotracers available. Department of Energy facilities must take the ini-
tiative to solve this critical problem. Professional societies such as the
American College of Nuclear Physicians (ACNP) and The Society for
Nuclear Medicine (SNM) are supporting this effort to develop biochemi-
cal tracers labeled with i23I.
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ABSTRACT

The Department of Energy has developed production of potentially useful radionuclide? for
applications in medicine. The Department's financial commitment and the short-lived
radionuclide production program, with emphasis on iodine-123, will be discussed.

I must say that the subject of short-lived radioisotopes in general and of
iodine-123 in particular has fascinated me from the beginning. When I
arrived at the Department out of the deep backfisld in October 1980, one
of the first discussions I had with Henry Wagner and Dave Kuhl and
other dignitaries in nuclear medicine was about iodine-123. I remember
that I got a recommendation such as, "You ought to do something about
iodine-123." So I looked into iodine-i 23 and consulted the proceedings of
the 1975 Conference on Applications of Iodine-123 in Nuclear Medicine,
organized by the Bureau of Radiological Health. I found that there was no
one strong signal coming out of chose proceedings at all In fact, I remem-
ber one sentiment was expressed approximately as follows: "Well, I wender
whether we need radioiodine isotopes at all."

So it appeared to me that there was no consensus on the use of iodine-
123 at the 1975 symposium. Having concluded that, I got together with
Dr. Paras and said, "Peter, maybe we should do it differently this time.
Why don't we have a meeting of the minds, get the clinicians together, see
if iodine-123 indeed has a future, or establish that it belongs to history
once and for atl. Let us see what the situation is." I believe there was some
thought in 1975 about whether icdine-123 was considered by the govern-
ment as a replacement for iodine-!31. That feeling may have interfered in
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the discussion. So this time I don't think anybody here should assume
that the government has any thoughts about that matter at all. We cer-
tainly are all very much in favor of short-lived radioisotopes for the rea-
sons that Dr. Myers emphasizes; so we can relax and look into the scien-
tific and medical advantages of iodine-123. First, does it have a futuro?
Second, is there a role for the Department of Energy in promoting the use
of iodine-123?

For those of you not totally familiar with the role of DOE in the
development of nuclear medicine (and I'm sure there will be very few of
you), let me show you the situation in fiscal year '82. Figure 1 is a pie
chart (or cheesegraph, or whatever your culinary inclinations are). You see
that our budget in fiscal '82 amounts to $19 million. Support has been at
this level for a number of years, and I am pretty certain it will remain at
this level for a number of years. This is much better than many other
budgets seen around Washington.

About seven categories of research are supported by the DOE. There
are, of course, those parts of our program concerned with the development
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of new radioisotopes and radiopharmaceuticals. We still believe there is a
major reason for our doing what we are doing, which is using the capabili-
ties of the Department of Energy built up away back when—even before
the Atomic Energy Commission—using the machines, the equipment, and
the facilities we have for the benefit of mankind. It is a mandate laid out
in the first Atomic Energy Act and known then as the development of
peaceful applications of nuclear energy, or atoms for peace. This program
is one of the success stories at the Department of Energy. I am not modest
about it. I believe it is an important achievement and it is widely recog-
nized as such. I am certain many of you wouldn't be here if it weren't for
this particular program.

Production of radioisotopes has of course a precursor in the develop-
ment of stable isotopes and target technology. It results in the development
of new radiopharmaceuticals and the performance of feasibility studies. A
number of projects in what is called the nuclear medicine program actually
have to do with radiotherapy. Although it is a very good program, we will
not discuss it here.

Zeroing in on the short-lived radioisotopes, Table 1 shows the Depart-
ment of Energy's rather extensive program covering many of them Some
of them we consider to be in routine production now, such as potassium-
43, iron-52, and galliurn-68, but a great many of them are under develop-
ment. We have a very modest iodine-123 production at present. In fact, it
is extremely modest, but it's the sort of thing, of course, that we are will-
ing to develop further if we can—and if there is sufficient interest.

About three months ago we had a meeting with the potential iodine-
123 producers in the DOE family. You see in Table 2 what came out of
the meeting. The Linac Isotope Producer and the 60-in. cyclotron both at
Brookha\en, the Meson Physics Facility at Los Alamos, and the cyclotrons
at Argonne and Oak Ridge can all produce iodine-123 by different
methods. Some of them are, I would think, routine methods right now.
Some of them will require considerable work to bring them to a stage
where we can guarantee a steady flow of iodine-123. One thing I want to
stress: if we are going into the iodine-123 business, it will require consider-
able investment of time and funds. It is not the sort of situation in which
one says, "Okay, let's produce some iodine-123." It is not a simple matter.
Again, if we decide that it is time for us to move fast and effectively, then
we certainly have a job ahead developing just the right method.

Consequently, one of the things I believe that this symposium should
produce is determining the technical specifications of the product desired.
For example, it is very simple to say we do not want any iodine-124. Well,
I understand that on the one hand, but, on the other hand, you basically
ask for a very expensive product. However, if you give us technical specifi-
cations about what level of iodine-124 contamination is acceptable, that's a
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TABLE 1

DOE Research Activities on Short-Lived Radionuclides

Radionuclsde

Potassium-43
Scandium-44
lron-52

Copper-67
Gallium-67
Gallium-68

Arsenic-72
Bromine-77
Rubidtum-8!

Ruthenium-97
lodine-123

Facility

Bookhaven Linac

Half-life,
Ur

22 .
4
8.2

58.5
73
68

26
56
3.4

69.6
13.3

Research activity

Routine Under
production development

X
X

X

X
X

X t

X
X
X

X
X

TABLE 2

Ioiline-123 Production

Isotope
Producer (BLIP)

Brookhaven 60-in. cyclotron

Los Alamos Meson Physics
Facility (LAMPF)

Argonne 60-in. cyclotron
Oak Ridge 86-in. ccyclotron

Method

l 2 7 I ( p , 5 n ) l 2 3 X e - l 2 3 I

l24Te(p,2n)123I

l3'l(p,spallation) l23l

1 2 2 T e ( « , 3 n ) 1 2 j X e - l 2 3 I
i 2 3Te(p,n/2 3r

Animal Clinical
studies studies

X

X

X

X
X X

Parity

No 124I

0.5% I24I at end
of bombardment

0.23% I24I

No n4\
0.24% I24I

different matter altogether. In short, it is complicated. It is exactly the
reason that Peter Paras and I decided that we should get all of you
together once more to discuss iodine-123 and some other short-lived
radioisetopes. There is no doubt in anybody's mind in this room, including
in my own mind, that the future of nuclear medicine lies in the short-lived
raiiioisotopes.

To the extent that we can help all of you to develop your thinking on
this topic, we have a number of people here, from the Department of
Energy and from the Bureau of Radiological Health, who are willing to
discuss it with you. Please, don't hesitate to talk to the staff as much and
as long as you need to. We take this seriously, I can assure you. If you
speak up, we will listen.
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ABSTRACT

The Bureau of Radiological Health has developed a national program to control unnecessary
medical radiation exposures to man and to assure 'he safe and effective use of radiation. The
continuing interest and the role of the Bureau in the use of short-lived radionuclides (SLR's)
are emphasized. An overview of the Bureau's SLR program, past accomplishments, and the
status of production and use of iodine-123 will be presented.

I am extremely pleased by the comments that were made so vividly this
morning by the presidents of the American College of Nuclear Physicians
(ACNP) and the Society of Nuclear Medicine (SNM). I recall that we
were also talking about these issues some seven years ?go. At that time we
could not have made such comments, for some reasou or other, and it
seems to me that Henry Wellman asked me to review what has happened
in the past. Having heard the comments made so far today, I think I shall
refrain from dwelling on the negative aspects of the past. Let us move on
in a positive way at the pace already set this morning.

On behalf of the Commissioner of the Food and Drug Administrat .-n.
Dr. Hayes, and the Director of the Bureau of Radiological Healih,
Mr. Villforth, I would like to welcome you to this conference, which is the
second meeting on the developing role of short-lived radionuclides, and to
express our appreciation for your presence here. It is gratifying that so
many of you took the time from very busy schedules, and on short notice,
to come to Washington tc discuss the needs and the problems associated
with the production and availability of short-lived radionuclides, which we
call now the SLR's.

12
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SLR PROGRAM OF THE BRH

One of the BRH (Bureau of Radiological Health) goals is to develop
and carry out a national program designed to control unnecessary medical
radiation exposures to man and to assure the safe and effective use of
potentially hazardous ionizing and nonionizing radiation. In so doing the
Bureau develops and promotes improved procedures and techniques for
reducing radiation exposure.

Our program for dose reduction includes radiophannaceutical develop-
ment. This work is done in our Nuclear Medicine Laboratory under the
direction of Dr. Vincent Sodd in Cincinnati, Ohio, in cooperation with the
E. L. Saenger Radioisotope Laboratory of the General Hospital there. It
is well known that the first voice that was heard calling for high-purity
iodine-123 came from the work of Dr. Henry Wellman and Dr. Sodd in
that laboratory. We also do instrumentation research, mainly around qual-
ity control, and some quality control phantoms were developed in the labo-
ratory. We have supported the work of the MIRD Committee, and we are
advocating the need and support the collection of biological data for the
dose estimate calculations. Also, we are working in the area of efficacy,
and some recommendations for the evaluation of thyroid disease were
developed in the past.

To sum up, the goal of the best quality of diagnostic information
obtained with the lowest possible radiation dose is within the mission of
the Bureau of Radiological Health, and this is your goal as well. I believe
that every person in this room—whether he represents the government,
production facilities, the pharmaceutical industry, educational institutions,
or professional users—has a common interest: the delivery of better health
care. It is the reason we are here. SLR's offer a unique opportunity for
dose reduction and improved diagnostic information.

The objective of this meeting is to emphasize the need for the short-
lived radionuclides and to attempt to recommend solutions for their avail-
ability. In this search for solutions, the Bureau serves as a catalyst for the
resolution of problems related to production, distribution, and use of
SLR's in nvclear medicine. Iodine-123 with its unique problems has served
as: a model for short-lived radionuclides. Because of the widespread use of
technetium-99m and the specialized use of positron emitters, their inclu-
sion in the present discussions was not necessary. I would like new to
review briefly the most important events that led us to be here today.

PAST ACTIVITIES

In the beginning iodine-131 was used for the evaluation of thyroid dis-
ease, and it was known that in the process relatively high radiation-
absorbed doses were delivered to the thyroid.
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Then it was reported that increased thyroid neoplasms were associated
with X-ray doses of 4 to 10 rads to the thyroid gland. It was argued, how-
ever, that radiations from iodine-131 were less effective than X rays. This
argument, however, was based on iodine-131 dosage to the thyroid a lot
higher than 10 rads in the kiiorad range. Although similar information
from diagnostic dosages of iodine-131 was not available, recommendations
were made to reduce the iodine-131 administered dose or to use alterna-
tives in diagnostic studies of the thyroid.

The Bureau of Radiological Health conducted a study (Lee et al.,
1982) on the risk of thyroid cancer from iodine-131 and X rays in rats in
which they gave doses of X rays and iodine-131 in the range of zero to
1000 rads to detect any differences in the biological effect, i.e., thyroid
cancer induction from the two types of radiation. The results indicate sim-
ilar incidence of thyroid carcinoma for iodine-131 and X radiation in the
dose range of zero to 1000 rads. There is no significant difference. Injected
iodine-131 activity as low as 0.5 mCi, which I think is within the level of
diagnostic dosages to man, significantly increases the incidence of thyroid
cancer. Also, the Bureau is conducting now a 20-medical-center follow-up
study of children exposed to diagnostic levels of iodine-131 between 1946
and 1967 to determine an association with subsequent increased risk of
thyroid neoplasia. This project has identified approximately 6000 exposed
children and 5000 controls of similar age, race, sex, and disease state, not
exposed to iodine-131. Data collection is continuing and data are also
being collected from siblings of the exposed group.

TABLE 1

Radiation Dose* to the
Thyroid Gland When
Radioiodine Is Used

Uptake,
25%

Iodine-131
Iodine-125
Iodine-123

•MIRD
(1975).

Dose,
r»ds//iCi

1.30
0.79
0.013

Comirittee,

Now the physician has to answer the hard questions from the patient.
The estimates (Table 1) of the MIRD Committee (1975) indicate that the
absorbed radiation dose to the thyroid from 1 jiCi of the different isotopes
of iodine varies considerably. We can see here a factor of 100 between
iodine-131 and iodine-123. The absorbed dose from iodine-125 is also high.
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TABLE 2

Organ-Absorbed Doses* Associated with Thyroid
Imaging Procedures in Adult Patients

Radiopharma-
ceuticai

'"I Nalt
(TB, 8 days)

'"I Nalt
!TB, Bbr)

"mTc O,t
(TB, 6 hr)

Administered
activity

50nCi

200 (iCi

5mCi

Tbjroid
uptake,

%

5
15
25

5
15
25

2

Thyroid

13.00
40.00
65.00

0.48
1.50
2.60

1.70

Absorbed dose, rads

Stomach

0.085
0.080
0.070

0.050
0.046
0.042

1.250

Gonads

M 0.004
F 0.007

M 0.003
F 0.007

M 0.060
F 0.090

Red marrow

0O07
0.010
0.013

0.005
0.005
0.006

0.110

•Roedlet el al. (1978). tMIRD Committee (1975). tMIRD Committee (1976).

The reason for this stems from the physical and biological properties of the
iodine; isotopes.

As can be seen in Table 2, for a given fraction of radioactivity residing
in the thyroid gland, the absorbed dose will depend on the biological half-
life, which is about 60 days, and the physical half-life. Because of its avail-
ability, suitable half-life, and ease of measurement, iodine-131 as sodium
iodide has been the radiopharmaceuticai of choice for many years, both to
determine function and to study the morphology of the thyroid gland.
Unfortunately, the radiation dose delivered to thyroid during an imaging
procedure using iodine-131 is the greatest dose to a specific organ in
diagnostic nuclear medicine. For this reason, technetium-99m as per-
technetate and iodine-123 as sodium iodide have been used as substitutes
for iodine-131 (Paras, Saengcr, et al., 1982).

But most important is the fact tha! the absorbed dosages to the thy-
roids of children, as can be seen in Table 3, are a lot higher than the doses
to the adults (Kereiakes et al., 1976). In addition, epidemiological studies
have identified the thyroid gland, especially in children, as being particu-
larly susceptible to radiation carcinogenesis (Modan et al., 1974).

Now, how important is this and how many people in *he United States
are subject to diagnostic procedures using radionuclides? Not much infor-
mation is known. Market Measures, Inc., has conducted in >he United
States a survey entitled "In Vivo Radiopharmaceuticai Audits" during the
first and the third quarters of each year since 1974.
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TABLE 3

Thyroid Doses* in Pedistric Use

Ra«o-
pkaracentkal

Newhcra 1 year 5 years
(2.2) (4.7)

10 yean IS years
(8.0) (11.2)

AMI

123I (Iodide)*
I25I (Iodide)j
I3'I (Iodide)}:
M T c (Pertechnetate)§

0.119
8.23

11.80
0.0034

0.081
5.63
8.09
0.0013

0.038
2.62
3.78
0.0008

0.022
1.55
2.22
0.0005

0.016
1.11
1.55
0.0004

0.011
0.77
1.11
0.0002

•Rads per microcurie administered.
INumbcr in parentheses indicates thyroid gland weight in grams.
^Assumed uptake, 20%.
§Assumcd uptake, 5%.

In Fig. 1 and Table 4 are shown data for the number of procedures for
thyroid evaluation from 1974 to 1980 and the breakdown between imaging
and uptakes. Although they started declining after 1974, the number of
uptakes are still there. The reason for the decline perhaps is the develop-
ment of the in vitro testing for thyroid function evaluation. The number of
imaging procedures has slightly increased. Now we have made the
breakdown for the 1978 data to see from these imaging procedures what
percentage is still done with iodine-131 (Table 5). To our amazement
34.5% of the imaging procedures and 69.4% of the uptakes were still done
with iodine-131 in this country.

P 500 —

1974 1975 1976 1977 1978 1U79 1980

Fig. 1 Variation la the i
from 1974 to 1980.

r of hi liro thjnr
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TABLE 4

Trends in Use of Nuclear Medicine
Thyroid Procedures in the United States

(in Thousands)

Year

1974
1975
1976
1977

1978
197$
1980

Thyroid
•pdkc

277
310
27S
246

195
186
178

Thyroid
iauging

475
540
556
265

561
488
520

TABLE 5

Thyroid Nuclear Medicine
Examinations in the

United States in 1978

Thyroid Uptake

Iodine-123 58,788 30.2%
Iodioe-131 135,142 69.4%
Technetium-99m 404 0.2%
Other 296 0.2%

Total 194,630

ThyroM IaaglBg

Iodine-123 148,844 26.5%
Iodine-131 193,540 34.5%
Technetium-99m 217,016 38.6%
Other 1,814 0.3%

Total 561,214

In addition to the above reason, the potential for the labeling of various
agents for imaging with iodine-123 or other short-lived radionuclides calls
for a closer examination of the need for SLR's.

Now, as we all know, and I will not elaborate on that, iodine-123 and
other short-lived radionuclidss are not readily available. They have prob-
lems which are recognized in the production and distribution area. In 197S
we wanted to evaluate these, and we did find out that the technological
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problems had been matured, and we did have the technology for the pro-
duction of adequate quantities. But there were processing problems and
distribution problems due to shorter half-lives, geographical area, airline
transport, and so forth. To address all these problems, the Bureau orga-
nized a conference entitled "Applications of Iodine-123 in Nuclear Medi-
cine," which was held in May 1975 (Bureau of Radiological Health,
1976). The objective was to identify the problems of making iodine-123
readily available to every clinic in this country at a reasonable cost.

The issues raised in that meeting were: the efficacy of thyroid pro-
cedures, iodine vs. technetium, high-purity iodine-123 vs. iodine-123 con-
taining impurities, the number of thyroid procedures, the need for
accelerator-produced radionuclides (such as iodine-123, iron-52, xenon-
127, thallium-201, fluorine-18), the production problems with iodine-123,
distribution problems, and availability of research quantities of short-lived
radionuclides. The answers to these issues were neither simple nor clear.
Particularly disappointing was the fact that the need for iodine-123 was
not clear. At that meeting it was stated that we do not really need the
iodines in general—we can get by with technettum and small quantities of
iodinc-131 for uptakes.

THE TASK FORCE ON SLR'S

Diverse opinions were voiced about the need, and concerns were
expressed about the cost. If we could have a method, i.e., a way of produc-
ing short-lived radionuclides by the existing facilities that are already paid
for by the taxpayers, and cculd produce them in large quantities, then
they would be available at reasonable cost. This looked at that time, or it
appeared to me, to be a feasible operation. From that time until now we
all learned a few things. What seems feasible might not be so after all.
Technical and administrative problems also developed which could not be
foreseen. To evaluate the issues raised in that meeting the Bureau
appointed the following task force of organizations and agencies with a
wide representation of all possible concerns:

Department of Health, Education, and Welfare
Energy Research and Development Administration
National Academy of Sciences
National Science Foundation
Medical Radiation Advisory Committee
Radiophartascetitical Advisory Committee
American College of Radiology
American College of Nuclear Physicians
American College of Nuclear Medicine
Society of Nuclear Medicine
American Thyroid Association
Atomic Industrial Forum
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The charge to the task force was to identity the issues and assign prior-
ities, to determine the need for short-lived radionuclides, and to recom-
mend appropriate steps of action. Some recommendations were developed
regarding the use of the iodines and technetium-99m for the evaluation of
the thyroid gland diseases. I will not enumerate them here, but they are
available in the report of the task force, which is entitled "The Developing
Role of the Short-Lived Radionuclides in Nuclear Medicine" (Bureau of
Radiological Health, 1977).

The task force recommended that some comparative studies between
iodine-123 and technetium-99m for the evaluation of thyroid disease are
still required. The Bureau of Radiological Health has followed up this rec-
ommendation with a project. We had plans to involve several laboratories
in this country and two laboratories abroad in examining a large number
of procedures, but budgetary considerations did not allow us to proceed.
Finally, we arranged for one laboratory in Zagreb, Yugoslavia, to examine
this question. The protocol has been developed at our Nuclear Medicine
Laboratory in cooperation with the E. L. Saenger Radioisotope Labora-
tory in Cincinnati and has been reviewed by the Food and Drug Adminis-
tration and approved; we are about ready to start now collecting data. We
expect 500 patients with thyroid nodules to be examined; from these data
we expect to study perhaps up to 40 cancer cases, which probably will give
us a good grasp of this question.

Another recommendation was to evaluate the methods of production of
iodine-123 and the need for large quantities of iodine-123 at lower prices
for research. An attempt at least was made to follow this recommendation
by certain facilities of the Department of Energy, particularly at Los
Alamos (LAMPF) and at Brookhaven (BLIP). Technical problems at Los
Alamos and budgetary problems at Brookhaven prevented the production
of iodine-123; therefore we still do not have available the much-needed
large quantities for research.

Also, recommendations on the use of radionuclides for the evaluation
of diseases of the thyroid gland were made.

The most important recommendation from the task force was that the
private sector, rather than the Federal Government, would assure an ade-
quate supply of short-lived radionuclides for clinical uses. In this respect,
the industry has followed up, at least partially. Medi-Physics, Inc., has
produced iodine-123, using the tellurium method, and a New Drug Appli-
cation (NDA) was approved by the Food and Drug Administration for its
use. And, as I remember from that meeting, it was advocated—by Medi-
Physics, I think—that higher purity tellurium (unavailable at that time)
was needed. The tellurium available then was only 90% pure. This need
also, I believe, has been followed up by the Department of Energy which
produced better grade tellurium, and they are thinking seriously now of
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producing high-purity tellurium (99.5%) to meet this end. Moreover,
Benedict Nuclear Pharmaceuticals, Inc., will make high-purity iodine-123
available (their NDA is pending approval from FDA) in the near future.

The task force also recommended that further support is required for
the establishment of (1) a well-designed baseline survey to evaluate trends
in nuclear medicine, including the effect exerted by related disciplines; (2)
cooperative efforts in carrying out well-designed efficacy studies; (3) the
development and utilization of positron emission tomography; (4) the
dosimetry of short-lived radionucUdes; and (5) epidemiological studies of
long-term radiation effects due to thyroid imaging with iodine-131.

The response from production facilities was somewhat slow in this
country. I mentioned that the Los Alamos facility had some technical
problems. We shall hear more about that in a later session when they tell
us what their position is now. A great potential exists at the Fermi
Laboratory with their linear accelerators, which are used for the preinjec-
tion state. This potential is there, but the Fermi Laboratory is reluctant to
be involved in the production area. Then the University of California at
Davis, using the same accelerator of Ernest O. Lawrence, engaged in
the production of short-lived radionuclides and, primarily, high-purity
iodine-123. They developed what they call now the iodine-123 generator
(which will be described later at this meeting by Dr. Manuel Lagunas-
Solar) and can provide radiochemical-grade iodine-123 to Benedict, Inc.
The BLIP facility at Brookhaven is also planning to produce limited quan-
tities of high-purity iodine-123 for research.

Another facility that responded positively is the TRIUMF in Canada,
which also will be described by John S. Vincent From the industry
Medi-Physics, Inc., has installed small accelerators in three different loca-
tions which use tellurium targets, and they made available iodine-123 for
medical use containing some impurities. Dr. H. S. Winchell conducted
some comparison studies between the high-purity product and the one that
contains impurities, i.e., iodine-124 (less than 1% at administration time).
Using a pinhole collimator for thyroid imaging, he repotted that there is
not much difference in the image quality. The impurities increase the
absorbed dose to the thyroid by a factor of 2 more than the high-purity
material, but at least iodine-123 was made available and, most impor-
tantly, it was under an NDA.

CONCLUDING REMARKS

Now since that time several other developments have taken place. I
will not describe the technetium and other generators, which you will hear
about in later papers. We do know that 85% cf the total number of
nuclear medicine procedures in this country are done with technetium and
technetium-labeled compounds. But other generators (Table 6) were
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TABLE 6

Short-lived Radionnclide Milestones

Development of technetium-99m generator
Commercial availability of iodine-123
Development of generators such as

" R b - ' ^ K r
"Kr—"Br
>"Os—"""Ir
151Sn—"3lnIn
»5mHg-~"smAu

Labeling with SLR's of such imaging agents as
Amphetamines (for the brain)
Methyl iodide (for the lungs)
Fatty acids (for the heart)
Hippuran (for the kidneys)
Cholesterol (for the adrenals)

developed as well and are promising, and they need support from groups
like this. So the voice of need should be heard, and I can assure you that
there are listening ears in government and in industry. In addition, the
development of compounds labeled with iodine-123, such as amphetamines
for the brain, methyl iodide for the lungs, fatty acids for the heart, Hip-
puran for kidneys, and cholesterol for adrenals, made the need for short-
lived radionuclides even stronger than it was before.

The Bureau is planning to encourage the use of short-lived radionu-
clides, which is why we are meeting here today. When we see a need, we
would like to define I:, we expect a follow-up in the positive direction by
all parties concerned. We sincerely expect production facilities and indus-
try to work hand in hand, to meet the needs of the users. Then, and only
then, the ultimate objective of better health care would be accomplished.
As you can see, we try to encourage this cooperation, and the Bureau has
served and will continue to serve as a catalyst for this encouragement. I
am particularly pleased by the comments which I heard this morning,
from the president of the ACNP and the president of the SNM that they
will join forces for the cause of SLR's. It also is encouraging that they will
lobby for the just cause of SLR's if we at the government do not do our
jobs. I invite you, please, to do so.
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DISCUSSION

Wellman: Putting on my hat as a clinician, I would like to call to VOUT
attention one little point. I can recali that, in early days of 197G's, as the
in vitro procedures began to come on-line, my fellow clinicians came
around and patted me on the back and consoled me with, "Don't worry
about it too much; thyroid uptake is going to go its way and not be used
anymore." And one of the things 1 would like to call to your attention—to
those of you who are not clinicians—is that almost every medical test has
a cyclical nature. It is usually a dampened type of cycle—more or less
dampened—and of varying lengths in the cycle, and you might be inter-
ested to know that, in the medical literature at the present time, it is
reported that up to one-third of the patients who we used to think had
hyperthyroidism and who needed to be treated for hyperthyroidism indeed
have a self-resolving type of disease, i.e., silent, painless thyroiditis. I
would also direct your attention to an editorial in the Annals of Internal
Medicine of January 1982 which points out that most of the patients, i.e.,
the majority of the patients, with hyperthyroidism can no longer be diag-
nosed as having hyperthyroidism without thyroid uptakes. So we may see
thyroid uptakes come back, in a sense, but, again, with a dampening in the
degree of the cyclical response.
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The opportunity for me to address the scientists and physicians assembled
for this symposium is not only just i. benefit of being the president of the
American College of Nuclear Physicians, but also it is a personal pleasure.
Ten years ago I was fortunate enough to be the principal investigator of an
American Cancer Society grant for the development of short-lived
radionuclides in the Los Alamos accelerator, so, when something that I
worked on in its early stages shows the signs of maturity represented by
this symposium here, it is a real source of pleasure.

But with personal interest aside, why should the president or members
of a socioeconomic and political association of practicing physicians be
interested in sponsoring a symposium of this type? This question is one
which must occur with some regularity. I think the answer lies with a
mispsrception of what the aims of the American College of Nuclear Physi-
cians (ACNP) really are. The fact remains that sponsorship of this sympo-
sium by the College was a concept which was heavily supported by both
the leadership and the members.

The more than 1100 nuclear medicine physicians who make up the
bulk of the ACNP membership have as their goal the optimum practice of
nuclear medicine; hence the purpose of the College ?s their professional
association is to help them achieve this goal, acting primarily in areas
where as individuals they cannot work effectively, gathering and dissem-
inating information and other resources, assessing the impact of new tech-
nology on practice, combatting interference with good practice, enhancing
the quality of services offered their patients, and striving to main Lain
economic stability in the nuclear medicine minisystem. Economic stability
for nuclear medicine means economic health at all stages of the system,
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which begins with ideas, bits of chemicals, and arrays of electronic com-
ponents and culminates in improved patient management.

The physician practicing nuclear medicine is probably the raost signifi-
cant link in this chain because most of the go-no-go decisions are made by
him and ultimately any risk involved in patient management, including uti-
lization of new technology, falls on his shoulders. Clearly, the practicing
nuclear medicine physician, individually and as represented by his or her
professional association, has a major stake in any new technology such as
short-lived radionuclides.

The American College of Nuclear Physicians is actively engaged in
political action—political action that has both a direct and an indirect
effect on development of new technology. If the members of ACNP feel
strongly that a particular new policy or new technology is not being given
the proper attention by the responsible governmental authority, they can
quickly lobby for change—and they have done so repeatedly in both regu-
latory and legislative forums. The College encourages political activism in
its members, has professional staffs standing by to assist in negotiating the
paths to proper doorways, and maintains a status with the Internal Reve-
nue Service which permits large-scale political activism. In recent weeks
the College has been deeply involved in laying and maintaining the
groundwork for enhancing the Department of Energy's nuclear medicine
research budget—not an activity which on the face of it might be expected
from an association of practicing physicians with avowed socioeconomic
goals.

Clearly, however, the future of nuclear medicine practice is ultimately
related to the present status of nuclear medicine research. For this concept
and these observations, maybe I have cleared up for you a few mispercep-
tions as well as perhaps provided a few new perceptions about the role of
the American College of Nuclear Physicians generally and with respect to
new technology such as short-lived radionuclides.
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ABSTRACT

Iodine-123 has physical and radiochemical characteristics ideal for most tracer procedures
performed in patients. Its use is generally preferable to the use of 1!ll for diagnosis. The
potential for m I can be realized only if a radiopharmaceutical of lesser radionuclide contami-
nation is generally and economically available. Iodine-123 produced by direct methods has
significant disadvantages relative to quality of procedure and radiation dosunetry. Our experi-
ence with l2JI(p,5n) during the past 12 years causes us to vigorously encourage general availa-
bility of an >23I radiopharmaceutical of this quality. Using this product, we have prepared
radiopharmaceuticals for use in the study of cancer, coagulation, and renal and thyroid
diseases.

This international symposium on short-lived radionuclidss follows many
others of a similar nature held throughout the world. It is somewhat
unique by virtue of the diverse nature of the assemblage which includes
leaders not only from the scientific community but also those from indus-
try and government. We propose to restrict our comments to iodine-123
because that is the primary focus of this symposium. IodLie-123 is among
the most promising short-lived radionuclides on the threshold of extensive
clinical utilization. Its physical characteristics motivated Myers and Anger
(1962) to advocate long ago its use for in vivo applications. It is therefore
disappointing to find that I31I remains in extensive use for in vivo diagnos-
tic procedures despite its inferior characteristics for such purposes. We
would have expected almost immediate conversion to the use of l23I-iodide
for in vivo thyroidal uptake and imaging. Because iodine radiochetnistry is
relatively well understood, we would have also expected extensive use of
l23I-iodinated organic compounds as well. Although cost and availability
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are major facto; s in this delayed transfer of technology, thsre are other
factors that we shall address subsequently. One of these factors relates to
the presence of radiocontaminants in the most readily available sources of
ml.

In 1938 Livingood and Seaborg discovered 131I, and this radionuclide
became widely used within a very few years. Thirty radioisotopes of iodine,
ranging in mass number from 115 to 141 and in half-life from 0.5 sec to
1.6 X iO7 years, have since been identified. Iodine has therefore more
radioisotopes than any other element native to the human buoy. The fol-
lowing radioisotopes of iodine, however, appear most suitable for three
general types of applications:

• Iodine-131 for therapy and possibly for longer time-dependent in vivo
kinetic studies.

• Iodine-125 for in vitro radioassays.
• Iodine-123 for in vivo kinetic and imaging studies.
Robertson and Evans (1980) pointed out that i31I consumption on the

North American continent had decreased during the preceding decade
from 300 to 400 Ci down to 100 to 200 Ci, whereas I25I consumption had
increased from 50 to 800 Ci. They were unable to provide specific data for
I23I but estimated that its consumption at that time represented approxi-
mately 5% of all radioiodines. This estimate, made in 1980, was consistent
with our own estimate of approximately 40 to 50 Ci for I23I consumption
in 1979. Considering earlier unbounded optimism relative to the potential
use of I23I and despite evidence that its use was increasing by 25 to 50%
yearly, one of us (G.D.) was led to editorialize as indicated by the follow-
ing excerpt from that article (G. DeNardo, 1982b):

Despite remarkable unanimity amongst the scientific community, pure 1-123 is not
yet generally available. Commercially available 1-123 is not ideal for thyroid stud-
ies and unsuitable for most other imaging procedures.

In that publication we addressed the complex issues which have
delayed transfer of this technology to the patient and which emphasized
that 123I was an appropriate "test case" upon which to assess the ability of
the system to transfer short-lived radionuclide technology to the benefit of
society. We were somewhat less sanguine about the prospects than we
expressed in an earlier publication (G. DeNardo, 1982a).

Iodine-123 is generally recognized to be the best radioiodine for use in
in vivo diagnostic procedures. With a physical half-life of 13.2 hr, a nearly
monoenergetic gamma emission of 159 keV, and an absence of particulate
emissions, it is almost ideal for use in these applications with current
instrumentation. Many methods for production of I23I have been described
(Doff, Blue, and Scholz, 1969; Fusco et a!., 1972; Guillaume, Lambrecht,
and Wolf, 1975; Lagunas-Solar, page 203 in this volume; O'Brien and
Ogard, 1973; Silvester, Sugden, and Watson, 1969; Wcinreich, Schult, and
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TABLE 1

Radionuclit'ic Purity of Iodicie-123
at Calibration Time (Worst Case)

KadJowclMic cmteat,
% of total

Radio-
nuclides ml(p,ia) 123I(p,2«)

123j
124,
125,

126,

130,
131I
2 4Na

98.:

1.9

94.5
5.0

0.5

93.8
1.1

l.t
3.2
0.8

0.5

Stocklin, 1974; Wilkins et al., 1975), but none of these production
methods results in radionuclidically pure 123I (Table 1). Direct methods
for producing I23I result in contamination with longer lived radionuclides,
which have gamma emissions of higher energy and even participate emis-
sions in some instances. These result in degradation of spatial resolution in
imaging and increased radiation dose to the patient (Baker et al., 1976;
Colombetti and Johnston, 1976; G. DeNardo et al., 1977b; Gulenchyn et
al., 1981; Jungerman and Lagunas-Solar, 1981; Lagunas-Solar and Hines,
page 423 in this volume). Indirect methods for producing I23I through the
123Xe intermediary result in minimal contamination with 125I derived from
the 125Xe intermediary. Although I25I adds to the radiation dose to the
patient, it does not degrade spatial resolution of images.

RADIATION DOSIMETRY

All existing methods for production of 123I result in some radiocontami-
nation. Although radiocontaminalion can be modest at the time of separa-
tion of the 123I, such radionuclidic contaminants "grow" subsequently
because they are generally longer lived (Table 2). Unfortunately, these
longer lived radiocontaminants continue to grow during the time required
for subsequent processing and ultimate utilization by the scientist. This
can be illustrated in the following manner: I23I produced with the Crocker
Nuclear Laboratory C3«:lotron by the l27I(p,5n)l23Xe-*-123I reaction is eas-
ily used for biomedical applications at our hospital with a worst-case
radiocontamination of <0.2% of 12SI at calibration time. However, subse-
quent commercialization of this product has been associated with a worst-
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TABLE 2

Factors Influenciag Radiitioa Dosimetry of I31I, ml,
and Contaminants of 123I

RtdioMKlMe

123,

124,
.25 ,

126,
130,
131,

for MMfeaetratlsg ntotioa,*
i g-rU/MO-kr

0.06
0.47
0.04

0.31
0.64
0.41

Hitf-thac,
fays

0.6
4.2

60.2

13.0
0.5
8.1

'Derived from MIRD/Dose Estimate Report No. 5, Sum-
mury of Current Radiation Dose Estimates to Humans from
123, 124,_ 125, 126,, 130,, 131,, 132,, g^mm Iodide, / . Nud.
Mid.. 16(9): 857-860, 1975.

TABLE 3

Growth of Radcocontaminanis after Production
of Iodine-123 (Worst Case)

Tliie,
ki

- 1 8
- 1 2
- 6

roc*
+ 30+

I 2 3L%

99.3
98.9
98.6
98.1
91.2

0.7
1.0
1.4
1.9
8.4

97.2
96.5
95.6
94.5
82.6

•»K*2.)

"«!,*

2.3
3.0
3.9
5.0

16.9

«Na,%

0.5
0.5
0.5
0.5
0.5

'Time of calibration. tExpiration time.

case I2SI contamination of 1.9% at calibration time, reflecting the relative
growth of this radionuclide and the decay of I23I which ensue during sub-
sequent processing and distribution. The same circumstances prevail for
other available sources of I23I (Table 3). The effect of worst-case
radiocontamination at time of calibration on radiation dose is reflected in
Table 4 for the example of l23I-iodide for thyroid studies. Tlie absolute
radiation dose from uncontaminated I23I to the total body and most of the
organs is 0.03 mrad per microcurie of dose and that to the thyroid is 960
mrads per microcune per gram of thyroid tissue. Whea l23I-i«lide is used
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TABLE 4

Rciative Radiation Dose per Unit of Radioactivity
(Worst Case)*

Target

Thyroid
Liver
Ovaries

Red marrow
Stomach wall
Testes

Total body

113jt

1.0
1.0
1.0

1.0
1.0
1.0

1.0

2.16
1.00
1.00

100
1.04
1.00

1.00

IMI(P»§

5.00
1.67
1.50

1.33
1.52
2.00

1.33

131,

108.33
6.67
3.50

4.67
6.80
8.00

8.00

•Derived from MIRD/Dose Estimate Report No. 5,
Summary of Current Radiation Dose Estimates to Humans
from I MI. l2<«, I25I, ml, lMl, I3II, 132I, Sodium todide, / .
Nucl. Med. 16: 857-860(1975).

fNo radioconiaminants.
^Calibration time with 1.9% '"I radiecontamination.
§Calibration time with 5% IMl radiocontamioation and

excluding "Ma and other radiocontamination.

TABLES

Effect of Radiocontaminaiits (Worst Case) cf
Commercial Iodine-123 on Radiation Dosimetry

12-'I(p,5n)
12)I(p,2n)

TOC" TOC +

1.0 1
1.0 1

'Time of calibration.

13.3 hr

.5

.7

TOC + 26.6 ir

2.7
2.8

at the calibration time, radiocontaminants contribute more to the radiation
dose to the thyroid than does the 123I itself. This is particularly the case
for !231 produced by direct methods, such as those involving bombardment
of tellurium with protons or deuterons. In the case of U3I produced by the
direct method, the radiation dose to all parts of the body is substantially
increased. Since >23I is often used subsequent to its calibration time, we
then must also incorporate Table S into our calculations of radiation dose,
and it becomes apparent that radiocootamiaaots increase the radiation
dose incident to use of I23I manyfoid. It also should be apparent that the
usual expiration time of these radiopharmaceuticals of 30 hr after calibra-
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TABLE 6

Photopeak Counting Efficiency
of Iodine-123 and Iodine-131*

Nal(n)
crystal

thickness, in.

0.25
0.5
!.O

Cooating efficiency, %

123,

68
87
97

131,

14
30
54

•Anger, H. O, and D. H. Davis,
Gamma-Ray Detection Efficiency
and Image Resolution in Sodium
Iodide, Rev. Sd. lnstr., 35: 693
(1964).

tion time has a rational basis. However, under the worst possible cir-
cumstances, the radiation dose per unit of radioactivity of I23I (including
radiocontaminants) is manyfold less than that of 131I if used before the
expiration time. Other investigators have developed data which give radia-
tion doses even greater than those reflected herein for the contribution of
radiocontaminants (Colombetti and Johnston, 1976; Jungerman and
Lagunas-Solar, 1981; Lagunas-Solar and Hines, page 203 in this volume).

We conclude therefore that there are compelling reasons to use 123I for
thyroid studies in vivo rather than 13II and equally compelling reasons to
aggressively pursue efforts to make I23I produced by indirect rather than
direct methods available for these applications. Similar circumstances pre-
vail for other in vivo studies except in those situations wherein the biologic
lifetime of the radiopharmaceutical is quite short. Proteins represent par-
ticularly attractive molecules for biomedical application such as in cancer.
The need for relatively uncontaminated I23I is particularly acute here
because these proteins tend to have long biologic lifetimes. Finally,
whereas the radiation doses from I23I are greater than those from
"Tc-pertechnetate per unit of radioactivity, this is compensated by the
fact that larger amounts of the latter radionuclide are required for the
actual thyroid study because of reduced target-to-nontarget relationships.

FACTORS AFFECTING STUDIES IN VIVO

In addition to the large radiation doses associated with the use of I3II
for in vivo studies, there is decreased efficiency of detection with instru-
ments in current use when compared with 123I (Table 6). The ultimate
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effect is that one has the option, when using I23I in preference to 13II, of
using equal doses of radioactivity with associated improved quality of the
study and lesser radiation exposures, or lesser amounts of I23I with even
further reduction in associated radiation exposurss. This same set of cir-
cumstances prevails when one is provided the choice between 123I(p,5n)
and 123I(p,2n) because of the radionuclidic contaminants in the latter
product. The radionuclidic purity of the I23I produced by the (p,5n) reac-
tions has important clinical consequences. If one compares this product to
that obtained from the direct reactions, advantages are found in patient
dose, image quality, and a longer possible expiration time. In clinical
applications such as thyroid scintigraphy and thyroid uptake measure-
ments, the presence of longer lived, high-energy photon emitters in the
(p,2n) and (d,n) products seriously affects image quality and the monitor-
ing of the 159-keV photopeak of I23I (Jungerman and Lagunas-Solar,
1981; Lagunas-Solar and Hines, page 423 in this volume). The attenua-
tion coefficient in lead for the high-energy photons emitted by the
radiocontaminants in the (p,2n)- and (d,n)-produced I23I is less than one-
tenth that of the 159-keV photons.

Several investigators have reported thyroida) uptake of l23I(p,2n) from
a commerciai supplier to be greater than that of l3II-iodide (Wellman and
Anger, 1971; Wellman and Mack, 1968; Robertson et al., 1976; Robert-
son, Verhasselt, and Wahner, 1974), and we have had a similar experience
with commercial I23I (Vogel et al., 1975). This has led to ths suggestion of
an isotopic effect, but our subsequent experience with 123I(p,5n)-iodide
makes this unlikely. The discrepancies between the commercial 123I-iodide
and nlI-iodide are more likely due to the radiocontaminants in the former.
When !00-keV windows were centered around the 159-keV photopeak of
123I and the 364-keV photopeak of I3 II, '•espectively, the 13II contribution
to the 123I window averaged 32%, whereas 42% of the events in the I23I
window were "seen" in the I31I window. Since coincidence photons and
higher energy photons inherent to the decay of I23I cannot account for the
magnitude of this crossover, then higher energy photons from radiocon-
taminants in the >23I must serve as the explanation. This obviously creates
potential problems which were recognized by Chervu et al. (1982) who
observed that "1-123. . .has accentuated the potential problems in thyroid
uptake measurement" and who described an extensive protocol for accu-
rate measurement of thyroidal uptake of l23I-iodide. These problems do
not exist when l23I-iodide, produced by the (p,5n) method, is used. We
have found thyroidal uptake of 113l-iodide produced by the (p,5n) method
on the Crocker Nuclear Laboratory cyclotron to be identical with uptake
obtained with commercial l31I-iodide (Fig. 1) (G. DeNardo et al., 1977b).
The absence of problems related to the (p,5n) I23I and U.' presence of
problems with the (p,2n) n 3 I must be related to the absence of high-
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Fig. 1 Comparison of staultueous tkyroidal aptake of orrily adatiaistered
"'I-iodide awl Crocker Nacltar Uboraory l23I-io4Me. A 100-keV wiadow was
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energy photon-emitting radiocontamfnants in the former and the presence
of these radiocontaminants in the latter (Vogel et al., 1975). When
123I(p,5n) was used, only 6.6% of the events recorded at 109 to 209 keV
were "seen" at 314 to 414 keV, in contrast to the 42% contribution from
1BI(p,2n). This circumstance does not change with time, whereas the situ-
ation becomes progressively worse with time in the case of the l23I(p,2n).
Voltage instability and cr.ors in pulse-height analysis or crossover correc-
tions are less critical when 123I(p,5n)-iodide is used. Analogous difficulties
have been described relative to the use of dose calibrators with commercial
I23I products (Johnston et al., 1980; Paras et al., 1983).

Although rigorous technique makes it possible to overcome the special
problems associated with performing thyroidal uptake measurements with
the I23I(p,2n) product, such is not the case when one attempts to image
with this form of 123I. Uncontaminated I23I and 123I(p,5n) are almost ide-
ally suited for detection with current imaging instrumentation because



MEDICAL NECESSITY FOR SIR'S, SPECIFICALLY "PURE'IODINE-123 33

they have relatively insignificant levels of emissions higher in energy than
the energy of the primary photopeak emissions. The same collimators can
be used for l23I(p,5n) as are used for **mTc (G. DeNardo et al., 1977b;
Jungerman and Lagunas-Solar, 1981; Lagunas-Solar and Hines, page 423
in this volume). This is not the case for I23I, produced by the direct
methods, because of the higher energy photons emitted by the contam-
inants (Baker et al., 1976; Gulenchyn et al., 1981; Lagunas-Solar and
Hines, p. 423 in this volume; Wellman and Mack, 1968; Robertson et al.,
1976). Low-energy parallel or converging hole collimators do not produce
satisfactory results even in the case of a superficial structure such as the
thyroid. Medium-energy collimators or pinhole collimators can be used
with associated degradation of counting efficiency and/or spatial resolu-
tion. The problem becomes more severe when larger organs are involved or
at later times after calibration of the radiopharmaceutical. Whether a
low-energy, medium-energy, or pinhole collimator is used, the spatial reso-
lution and image quality are superior with the l23I(p,5n) product when
compared to the I23I(p,2n) product (G. DeNardo et al., 1977b; Lagunas-
Solar, p. 203 in this volume). The problem is much more severe than one
would assume from the magnitude of the high-energy photon-emitting
radiocontaminants even when one considers the growth of these contam-
inants with time. Escape of these higher energy photons from the body and
septal penetration are much larger than that of the primary 123I photopeak
photons, exaggerating the negative impact of the former on images. By
using a 1- by ?-in. Nal(Tl) scintillation camera detector, low-energy colli-
mator, and multichannel analyzer, —20% of the detected photopeak events
represents higher energy scatter with the (p,5n) product, whereas almost
40% of the events represents scatter with the (p,2n) product. The (p,2n)
product also has a line-spread function with a full width at 10% of maxi-
mum, which is 50% greater than that of the (p,5n) 123I; this is correspond-
ingly reflected in comparable image degradation on phantom studies
(Lagunas-Solar and Hines, page 423 in this volume).

RADIOCHSEMISTRY

Although the initial clinical applications of I23I were as iodide for in
vivo thyroidal studies, there is no doubt that the true impact of I23I on
clinical medicine is reflected in its potential for labeling a wide variety of
molecules. Radiochemical contaminants, such as iodate and periodate, can
be readily detected (Fig. 2) by simple techniques (G. DcNardo et al.,
1977b) and apparently do not affect thyroidal uptake measured in vivo
even when present in amounts as large a» 70% of the total radioactivity
(Fig. 1). Presumably, reducing substances in the gastrointestinal tract con-
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vert these radiochemical contaminants to the iodide species. However,
these radiochemical contaminants are not available for iodination of
molecules. A number of molecules cannot readily be labeled with ""Tc
without profoundly affecting their biological integrity. Bioactive proteins
are of particular significance in this regard. Iodication chemistry is better
understood than that of technetium and is well established for labeling a
variety of molecules, including a diverse group of proteins. Many of these
proteins are fragile, of great biologic importance, and intolerant to the
labeling conditions required for 99mTc. Albumin, globulin, fibrinogen,
transferrin, ceruloplasmin, thyroid-binding proteins, enzymes, hormones,
antigens, toxins, cell membrane proteins, and now many antibodies have
been radioiodinated with preservation of their biological integrity. These
possibilities provide exciting and almost infinite opportunities to investigate
human biology in vivo and to develop clinically useful procedures. The
advent of monoclonal antibodies has produced an explosion of interest in
the availability of I23I in amounts and quality suitable for labeling
molecules. Although the impact of longer lived, higher energy, photon-
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emitting radiocontaminants is an important consideration in thyroid stud-
ies, these radiocontaminants are likely to be unacceptable for imaging
larger organs. These procedures usually require multimillicurie doses of
radioactivity and depend upon optimum spatial resolution. Unnecessary
impairment of spatial resolution of images because of restrictions second-
ary to the larger radiation doses associated with the (p,2n) product,
and/or image contamination from higher energy contaminant emissions, is
likely to be unacceptable. Multimillicurie amounts of labeling-quality
"pure" 123I at reasonable cost are required for these purposes.

Excitation labeling, i.e., use of the excess energy available from the
conversion of 123Xe to m I , is an attractive process for the synthesis of
organic molecules. When the excess energy is used for the synthesis of
simple inorganic molecules such as v *ine monochloride, yields of 90%
have been reported (Lambrecht et 4 72). Attempts to use this excess
energy for excitation labeling of organic molecules in our laboratory and in
other laboratories have led to a very complex mixture of products. This,
however, represents an exciting avenue for future research.

OUR EXPERIENCE WITH 123l(p.5n)

Experimentation toward production of multicurie quantities of 123I was
begun in 1970 as a joint effort of the Crocker Nuclear Laboratory and the
Department of Nuclear Medicine at the University of California, Davis.
One of the authors (J.J.) proposed the use of the 127I(p,5n)123Xe—• I23I
reaction to fully exploit the proton beams available on this medium-energy
cyclotron (Fusco et ah, 1972). Although our initial efforts were devoted to
a batch target procedure, this was subsequently converted to a
continuous-flow target method. Routine production-level operations began
in 1974 and have run continuously since (G. DeNardo et al., 1977b).
Since that time automated production has bê n pursued, and recently a
multicurie, transportable, integrally shielded processing system has been
developed (Lagunas-Solar et al., page 190 in this volume). Production of
several hundred millicuries of I23I results from one hour of irradiation and
is available in almost any concentration (Lagunas-Solar et al., page 190 in
this volume; Wilkins et al., 197S; Jungerman and Lagunas-Solar, 1981).
Yield of 123Xe, as a function of proton energy, is maximum at about 55
MeV, and thick-target production yields of 123I of —20 mCi per
microampere-hour at 6.7 hr after end of bombardment result (Wilkins et
al., 1975). The only significant radionuclidic contaminant separated with
the 123I is 125I (Lagunas-Solar, p. 203 in this volume). Iodine-125 is pres-
ent in exceedingly small amounts at the time of separation if the exit
energy of the proton from the target is kept greater than 45 MeV
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(Jungerman and Lagunas-Solar, 1981). Toe target material is natural
Nal, which is loaded at its melting point into a stainless-steel vessel.
Several hundred millicuries of 123I were produced by this method twice
weekly beginning in 1974 and continuing on a regular basis. This material
was used at our own hospital for thyroid studies and for radiolabeling a
variety of molecules (G. DeNardo et al., 1977b; Vogel et al., 1975).
Human fibrinogen, bleomycin, hippurate, and, more recently, several anti-
bodies have been labeled successfully with this I23I by using a variety of
labeling methods. In 1977 we reported that 11 Ci of I23I had been pro-
duced during 216 scheduled irradiations, with only six failures
(G. DeNardo et al., 1977b). In 1982, 200 Ci of 123I were produced and
distributed, and the cyclotron is currently producing 30 Ci of I23I per
month with a projection for 1984 of 120 Ci per month.

Although our longer term objective was to use I23I to radiolabel
molecules, w« initially used 123I in the form of iodide for thyroid studies.
Our Investigational New Drug application for the use of l23I-iodide for
thyroid studies was approved early in the fall of 1971. The more-favorable
characteristics of the l23I(p,Sn), when compared to the >23I(p,2n), became
immediately apparent. Images of patients and phantoms were superior
with the l23!(p,5n), and only this product made it possible for us to obtain
in vivo thyroidal uptakes consistently identical with those obtained with
l31I-iodide (Fig. 1) despite the occasional presence of iodate and/or
periodate as radiochemical contaminants (Fig. 2) (G. DeNardo et al.,
1977b). In the latter part of 1971, we separated our first batch of human
fibrinogen from human plasma, and after radioiodination this was later
used in investigations of venous thrombosis and disseminated intravascular
coagulation in animals (S. DeNardo et al., 1974). In 1972 we prepared
two batches of human fibrinogen under conditions of sterility and apyrc-
genicity; this was labeled with I23I and used in patients with coagulation
disorders. Since that time we have prepared at least six additional batches
of human fibrinogen for subsequent radioiodination. Iodine-123-iodinatcd
human fibrinogen has been used regularly since 1974 for clinical studies of
patients with a variety of coagulation disorders, including those associated
with deep venous thrombosis, disseminated intravascular coagulation, can-
cer, tissue hemorrhage, and renal transplantation (S. DeNardo et al.,
1975, 1976, l'979a, 1979b; S. DeNardo, G. DeNardo, and Jansholt, 1977;
G. DeNardo, Krohn, and S. DeNardo, 1977; G. DeNardo et al., 1977a;
Krohn et al., 1977a, 1977b; S. DeNardo and G. DeNardo, 1977;
S. DeNardo, Rogren, and G. DeNardo, 1979). Accumulation of radioac-
tivity in cancerous tissue and thrombi has been demonstrated after injec-
tion of I23I-fibrinogen in animals and patients. The former corroborates
the coagulative properties of cancerous tissue, and the latter has led to
routine clinical applications. Iodine-123-hippurate has also been in routine
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clinical use for renal disorders. Iodine- 123-bleomycin was prepared and
found to behave similarly to cobalt-labeled bleomycin (Krohn et a!.,
1977c). The oncophilicity of this radiopharmaceutical was demonstrated in
animals and patients (S. DeNardo et al., 1978). More than 1200 doses of
l23I-iodide from the Crocker Nuclear Laboratory cyclotron have been used
for thyroid studies, and approximately 1000 doses of I23I as organic
molecules have been administered for clinical purposes. Our recent experi-
ence with antibodies leads us to expect significant expansion of the use of
123I in this form in the future (S." DeNardo et al., 1982, 1983a, 1983b,
and page 401 in this volume; G. DeNardo and S. DeNardo, 1983.

DISCUSSION

Iodine-123 approaches the idea! iodine radioisotope for in vivo biomedi-
cal applications. The potential and demand for pure m I are overwhelming.
Although 125I, and I31I before it, became utilized extensively within a few
years of their initial reported uses, it has been 20 years since Myers and
Anger (1962) stated that "1-123 has physical properties that make it
advantageous over the other 20 radioisotopes of iodine for in vivo measure-
ments." The scientific community has repeatedly corroborated the need for
pure I23I, and it has been demonstrated as possible to make this I23I gener-
ally available (Fuscc et al., 1972; Wilkins et al., 1975; G. DeNardo et al.,
1977b; Jungerman and Lagunas-Solar, 1981; Lagunas-Solar et al.,
page 190 in this volume). Assuredly, the Society of Nuclear Medicine*
supports ail I forts to make short-lived radionuclides, and specifically pure
123I, generally available. The Society of Nuclear Medicine supports efforts
to promote and develop the availability of short-lived radiouuclides such as
!23I as part of its role as advocate of the patient and of society. However,
the only commercially available I23I is produced by the (p,2n) method and
is associated with significant radicnuclidic contamination. More than 10
years ago; a method producing essentially "pure" I23I, using the
127I(p,5n)123Xe--l23I reaction was reported (Fusco et al., 1972).

Now at this point it is appropriate that I (G.D.) remove my invisible
hat as President of the Society of Nuclear Medicine [Fig. 3(a)j and put
on my personal hat as a "cowboy scientist from the West" [Fig. 3(b)]. In
view of the foregoing, we might reasonably expect extensive use of pure
I23I throughout the highly developed jountriss of the world. This is not the
case. We do not find pure 123I generally available. We do not find com-
pounds labeled with any form of I23I generally available. We find physi-
cians using 131I for thyroid studies despite its unattractive radiation

•Gerald DeNardo was president of the Society of Nuclear Medicine at the time this sym-
posium was held.
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dosimetry relative to 123I. Under better circumstances, we find
99mTc-pertechnetate used for thyroid studies despite its inferior biologic
characteristics. Finally, we find some physicians using a commercial form
of IXJI(p,2n) which is expensive and contains substantial amounts of
radionuclidic contaminants. This symposium has assembled leaders from
the scientific, industrial, and regulatory communities. We are overdue in
fulfilling our role as patient advocates. The challenge to all segments of
the system can be met—and must be met—if diagnostic nuclear medicine
is to thrive and benefit our patients. If we are unable to achieve the wide-
spread availability of pure I23I within the next year or two, then it is diffi-
cult to be optimistic about the benefit that society can expect from other
short-lived radionuclides.

Allow one last change of the hat to that of the best patient advocate,
the patient himself or herself (Fig. 3(c)j. This patient would like to have
the benefits of diagnostic nuclear medicine of the highest quality with the
least associated radiation dose. Clearly, this requires the general availabil-
ity of pure 123I in multiple chemical forms.*
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ABSTRACT

The use of "twinkling atoms" in biomedicine is discussed from the historical point of view.
Their discovery, production, and applications are described. The development of modern
nuclear medicine from its inception, e.g., the first simple applications, to the latest complex
studies are described with special emphasis on the applications of the "ideal"
radionuclide—iodine-123.

it has been said that "twinkling atoms bring scintillating people together,"
and the way this meeting is starting out, I would say this is indeed going
to be a scintillating conference. I was delighted, of course, with what both
Dr. Henry Wellman and Dr. Gerald DeNardo had to say about iodine-
123. 9 have placed on the table at the back of the room, if you are inter-
ested, a little publication entitled Radio-Iodine-123, which Hal Anger and
I put together just 20 years ago this month and from which Dr. DeNardo
(sec paper this volume, page 25) quoted: the first sentence. Last week
when Dr. Anger phoned me from Berkeley, I lold him about this sympo-
sium and mentioned that there is likely to be something said about icdine-
123. And Hal said in his typically modest way, "Well, if they're going to
talk about iodine-123, the conference is likely to be something in the right
direction." So, that's Hal Anger for you!

Incidentally, I also put on the table back there reprints of an after-
dinner talk, given in 19S5 at the Second Annual Meeting of the Society of
Nuclear Medicine by Professor John H. Lawrence, whom I regard as the
dean of nuclear medicine physicians. Certainly he is the father of
radiopharmaceuticals in the sense that he used phosphorus-32 on Christ-
mas Eve of 1936, the first time artificial radioisotopes were used in the
treatment of disease. The Journal of Nuclear Medicine published Profes-
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sor Lawrence's talk three years ago, and the reprints are available back
there if you're interested.

I have been asked to give a background, from the historical point of
view, of some aspects of our very rich lore. We have had these meetings
here in Washington periodically now. Two dozen years ago in Bethesda a
Symposium on Scintillation Scanning was held at the National Naval
Medical Center. It was attended by 350 to 400 physicians from all over
the United States. A lot of progress has been made since then. That was
the same year (1958) that the scintillation camera had been introduced
into nuclear medicine by Dr. H. O. Anger, just a few months previously.
So you can see the tremendous progress since that time.

Well, I suppose that, if there has to be a text for our meeting here, it
was set 32 years ago by the International Commission on Radiological
Protection when they said, "It is strongly recommended that every effort
be made to reduce exposures to all types of ionizing radiations to the
lowest possible level." This was the beginning of the ALARA [as low as
reasonably achievable (radiation exposure)] concept. In over 30 years of
our teaching of this subject, we generated a list of the advantages of work-
ing with short-lived radionuclides, such as

Lowered radiation to patients
Repeatability of measurements
Serial studies possible of:

Normal physiology
Effects of drugs
Radiation effects

Radiation protection simplified as rapidly "self-scavenging"

In the first item on the list, we emphasized—really emphasized—that this
is an opportunity we should all aim toward.

Many of you have read the classic papers of Professor Leo Sapirstein
with whom I was associated at The Ohio State University. He said in
1957,

... "The short half-life of potassium-42 makes this isotope safe for use in
the [1-2 mCi] doses contemplated

... It is proposed that the first subject for this experiment be myself. This
proposal is made because I feel thai the investigator in a new procedure which
does not have immediate therapeutic application should be willing to expose
himself to the same risk which he contemplates requiring of the patient."

I include this excerpt because in the first sentence he stated that the short
half-life of potassium-42—and you know that to be 12.4 fir—makes this
isotope safe for use in man. Now the word "short" of course is a relative
term, and for this reason I developed several years ago the following classi-
fication:
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"Twbfcltaf" Alow ta NUMMACIK: Hallf-IJfe dusilkalioa
Ultrashort: Less than 1 min

Short: 1 mini to 1 ,'iir
Medium: 1 hr to 1 day

Long: I day to 1 week
Extra long: Longer than 1 week

This was useful because students are used to natural periods of time, and
(hey found this much easier than the two hours to three days used here at
this symposium. So what we are really interested in at this meeting are
those that I would call medium lived or long lived—in other words, from
one hour or two up to one day or two.

Listed in Table 1 are the twinkling atoms used in biomedicine. I should
like to start out with the very first of th.: "twinkling" atoms used as a
radioindicator tracer. And it is the extra-long one, 22-year lead-210. In
1913 George Hevesy and Fritz Paneth published a paper entitled "Radio-
Elements As Indicators in Analytical Chemistry," and that was the begin-
ning of the whole thing. They were both chemists and they both used
lcad-210, which, as you know, is a great-great-granddaughter of radium.
The asterisks mark those that are available from a longer lived source, i.e.,
a generator or "cow," if you will. The next is extra-long-lived 14.3-day
phosphorus-32, which I have mentioned already was used by Professor
John Lawrence in 1936. In 1938 Drs. J. J. Livingood and Glenn Seaborg
discovered 8-day iodine-131; it was used in the San Francisco Bay Area
the following year by Drs. J. G. Hamilton and M. H. Soley in studies of
thyroid physiology.

TABLE 1

"Twinkling" Atoms Used in Biomedicine, Classified by H«lf- Lives

1 Jltiaskort Lhed Less than 1 min
5-sec " lmIr,» 13-sec 8lmKr;» 50-sec 79mKr

Start Liied 1 min to 1 hr
20-min 2MBi;* 25-min l a I; 2C-min "C;t !O-min "N;t 2-min 15O;t 1.25-min 82Rb;»t
7.6-min3'K;t 2.5 "Pjf 38-min MZnt

Median l i te* I hr to 1 day
10.6-hr '12Pb;« 15-hr MNa; 12.4-hr <2K; 22.3-hr 4)K; 12.4-hr 1J0I; 2.3-hr " V 13-hr 1:BI;
1.8-hr "F;t 1.1-hr MGa;», 6-hr T e * 8.3-hr 52Fe;t 4.6-hr »'Rb;t 2.1-hr 121I;t
12.7 hr wAu;t 1.6-hr "Brt

Lotg Llfcd 1 day to 1 week
5-day 2l°Bi;» 4.5-day <7Ca; 4.2-day 124I;t 2.8-day '"In; 3.3-day "Ga; 3.1-day "'T1

Extra Loaf Lired Longer than • week
22-year 210Pb;» 14.3-day I2P; 8-day '"I; 60-day 125I; 45-day MFe; 244-day MZK

'Available from a longer lived source, i.e., a generator or "cow."
tPositron emitter.
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Iodine-131 is the bellwether twinkling atom that has shown us the way
from the standpoint of "inside-out" methodologies by means of gamma
rays emitted from man-made radionuclides. In 1923 Hevesy used
medium-lived lead-212, with a 10.6-hr half-life, the first time a radioindi-
cator was used in biology in studies of the tracer uptake of lead in bean
seedlings. The following year, in 1924, the first radionuclide was used in
animal studies, again by Hevesy and his colleagues. It was 5-day bismuth-
210, in the form of bismuth medicaments used at that time in the treat-
ment of syphilis. These were the first animal studies with rudionuclides.

It may come as a surprise to you that actually "clinical" nuclear
medicine, and especially cardiovascular nuclear medicine, started with the
20-min bismuth-214, available indirectly from radium. And this work was
carried out back 55 years ago—a decade before Man-made radioactivity
was discovered.

This brings us to what we are interested in now. Sodium-24, with 15-hr
half-life, was discovered by Enrico Fermi and his students in Rome in the
summer of 1934. It was first used, in published form, in biology, by
Drs. Joseph Hamilton and Robert Stone in 1936. Hevesy, probably the
first one to use 12.4-hr potassium-42, which he made with a neutron
source he got from Niels Bohr, did i lot of early work with potassium-42.

Iodine-130, with 12.4-hr half-lite, was one of two radionuclides of
iodine discovered by Livingood and Seaborg in 1938. This WHS the first use
of the twinkling atom in the effective treatment of functioning metastatic
thyroid cancer by Drs. Sam Seidlin and Leo Marinelli; the work was pub-
lished in 1946. This is of interest because it also got Dr. Rosalyn Yalow,
winner of a J977 Nobel Prize for Medicine, interested in our Jore. She told
us recently about her introduction into nuclear medicine. They would give
the iodine-130 which was made in the MIT cyclotron, to a patient with
functioning metastatic thyroid cancer, and they recognized that about half
of the 12.4-hr iodine-130 was going through into his urine. So her job was
to extract the iodine-130 from the urine during the night. That is how she
got into nuclear medicine, by getting the iodine-130 out of the radioactive
urine so it could be given to the patient again. Incidentally, the paper by
Seidlin and Marine!!', published in December 1946, was the one paper
that more or less forced the incoming Atomic Energy Commission, just a
month later, to begin supporting nuclear medicine research. So we are all
basking in the spinoff of the use of iodine-130 by Seidlin and Marinelli
back there in the mid-1940's.

Iodine-132, with 2.3-hr half-life, is available from 78-hr tellurium-132,
a fission product. It was developed at Brookhaven National Laboratory
and formerly was used quite extensively because of its very nice half-life.
Unfortunately, however, it's a real scoundrel from the standpoint that it
emits a large number of highly energetic gamma rays.
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You have already heard about 13-hr radioiodine-123, and I am sure
you will hear much more about it at this symposium. In case you doubt
this, I just happened to bring along, if anybody is interested, two dozen
slides on iodine-! 23, many of which were shewn the first time just 20
years ago this month. So, at the slightest invitation, I'll show two dozen
slides and talk about iodine-123.

Fluorine-18, a positron emitter, with a 1.8-hr half-life, was discovered
at Berkeley in 1937 and is now being used rather extensively as ionic
fluorine-13 and for labeling many compounds, especially where people
have access to cyclotrons. Sixty-eight-minute gallium-68 has been with us
now for more than 20 years. It is a positron emitter and is also available,
as you know, from 288-day germanium-58.

Six-hour technetium-99m was introduced, just 20 years ago at the
meeting in Dallas, by Dr. P. V. Harper and his colleagues. As you know,
it is the principal radionuclide now used for "inside-out" studies in man. It
has been estimated that one out of every three or four patients admitted to
large hospitals today are injected with this radionuclide for diagnostic pur-
poses.

Iron-52 was introduced by people at Hammersmith Hospital in London
back in about 1959 or 1960, and Drs. H. O. Anger and D. C. Van Dyke
used it in a classic paper 20 years ago because it is a positron emitter with
a relatively short half-life of 8.3 hr. Also, rubidium-81 is a positron
emitter with a very nice half-life of 4.S8 hr. It is of course the source of
krypton-81m, but it is also a very interesting radionuclide in its own right
because it acts as sort of an ersatz potassium.

Iodine-121 was discovered along with iodine-123 by Professor Isadore
Perlman back in 1949. Now, I would remind Dr. DeNardo that it was 33
years ago that iodine-123 became available, and what he has said so very
eloquently indicates that we still have an ever-increasing interest in
iodine-123. Professor Perlman discovered iodine-121 at the same time and
it is truly a short-lived, or medium-lived, nuclidc, depending on your classi-
fication, and it does; emit positrons an appreciable part of the time. So, for
those who have a PET (positron-emission tomograph) instrument and a
cyclotron—and I cannot conceive of anyone having a PET instrument and
not having a cyclotron (they are a "team" of instruments)—then 2.1-hr
iodine-121 is worth looking into, it is very easy to make. As a matter of
fact, when Hal Anger and I were working on iodine-123 together back in
1961, we would have to wait to let the iodine-121 die down somewhat
because we made tremendous quantities of it by bombarding antimony
with helium-4 ions in the 60-in. Cracker "medical" cyclotron.

Bromine-75 is a positron emitter with a very nice half-life of 96 min;
and of course the carbon-bromine bond is an easy one to form. This is one
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that "turns on" the organic chemists in a big way, and I am delighted to
hear that Professor Stocklin at Mich is using it to label many compounds.

What I really hope is that sometime we will have a meeting at which
we talk about what I call truly shou-lived radionuclides, with half-lives
between one minute and one hour. The properties of such radionuclides,
e.g., "C, I3N, and 15O, to be useful in physiology studies, would be as fol-
lows:

Properties of the Ideal Photon Emitter to Minimize
Radiation Exposures in Diagnosis

• It :.hould have fewest beta particles, internal-conversion and Au£er elec-
trons, or soft electron-capture or internal-conversion X rays.

• It should be measurable efficiently with low-background detectors.
• (t should have the shortest practicable physical or biological hair-time.

Properties of as Ideal Gamma Isotope ; Minraize Radiation
Exposures from la Situ and In Viro Diagnostic Applications

• The energy of the gamma rays should assure
Adequate tissue penetration, with minimum scatter
Maximum photoelectric interactions in readily mai :pulatablc detectors,

having minimum background sensitivities
Maximum directionality, for highest resolution
Minimum collimator penetration, to maximize the umbra.

• It should hav •. the shortest practicable physical half-life that is closely pro-
portionate to the physiological half-period of the phenomenon under study.

• Ii should give a minimum of useless radiation from beta particles; Auger
ami/or internal-conversion electrons; and low-energy photons frVowing electron
capture and/or internal converr'.n.

• It should have the maximum gamma-r&y merit ratio: Ratio of usable
gamma-ray signal to useless energy absorbed locally.

Those are the goodies. That is where nuclear medicine is going to be in a
big way a half century from now, but especially when we install many
more medical/hospital cyclotrons. As a matter of fact, in my own experi-
ence I cannot recall having used any radionuclide with a half-life of longer
than one hour in the last dozen years. Maybe it is a sign of senility or
something that the older one becomes, the shorter the half-life of the
nuclidc he uses!

Here is another way of saying the same thing: Always choose a shorter
half-life if possible, as we see here,

„. t „ .„ .. useful photons emitted
Photon merit ratio = •; ir? z—v .,—r,—

useless radiation absorbed locally

This ratio is what we are interested in, for "inside-out" studies in man, i.e.,
the photon "merit" is the ratio of useful photons emitted to useless radia-
tion absorbed locally.



48 MYERS

We thus come down to the shortest practicable half-life, in accordance
with the ALARA principle. This is a table of criteria which we compiled
about 20 years ago with which one could compare any radionuclide to find
out the best one. In the case of iodine, there are 29 different radionuclides.
And it is a matter then of simply comparing the physical properties of
each of those 29 "twinkling" atoms of iodine with these criteria to come up
with the right one. The right one, of course, as you have already heard, is
iodine-123 for most applications.

Henry Wagner, when he was our visiting professor nine years ago,
pointed out in medical grand rounds that, for imaging, the "name of the
game" is the ratio,

Maximize photon flux
Minimize radiation exposure

and he said it, as Henry usually does, so very elegantly. Another saying
came back to me just 25 years ago on an examination, "There is no point
in using a radioisotope that hangs around in a patient and irradiates him
long after the information has been obtained." It is not a very elegant way
of saying it, but it is a very effective way of saying it and it's one of my
favoritts. It shows that our students did listen to our exhortations of trying
to sort of tailor, whenever possible, the radicnudide to the need. In the
case of iodine, that turns out to be iodine-123.

However, we pay a slight price when we go to very short-lived materi-
als. I have tried to summarize it by saying, "In radiation biology, the
faster, the worser." Thus the faster you pour in a given amount of radia-
tion, the more effective it is biologically; in other words, the relative
biological effectiveness (RBE) goes up—not. a whole lot, but somewhat.
However, I haven't seen this point considered for a long, long time. It was
discussed in The Journal of Nuclear Medicine approximately 20 years ago
but not since that tints.

Well, the comic character Lucy, in the Peanuts cartoon strip, tells us
that "those X rays desecrate the bones," so that really makes it official for
us finally.

Figure 1 reproduces the title page of the proceedings of a meeting held,
as you see, IS years ago. The only important thing in the title is the word
"reduction." Now, that was IS years ago, and that is what we are really
talking about here today. We have had several of these meetings, and as
Dr. DeNardo told us, iodine-123 is still lurking someplace in the back-
ground and not out front where it should be. At a meeting in Rockville
seven years ago, on the topic "Applications of Iodine-123 in Nuclear
Medicine," a lot of nice things were said there about iodine-123, but,
again, it is not up front where it should be. A meeting was held the follow-
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Fig. 1 Title page of symposium proceedings.

ing year in West Germany, in Jiilich; the topic was "Iodine-123 in
Western Europe: Production, Application, Distribution."

In Table 2 are listed the cyclotrons available then in the United States
in 1976 to generate iodine-123. The concept emerged from the Jiilich
meeting that, where you have a rather tight relationship, as you have in
Europe, and where so many cyclotrons are available, it should be possible
to set up a kind of international grid to generate iodine-123. If a given
cyclotron making iodine-123 should go down for some reason, one would
be able to get in touch with another cyclotron operator to make the
iodine-123, so it would be on stream at all times. The half-life of iodine-
123 is sufficiently long so that you do not have to limit its use to Western
Europe. There is no reason why we could not have a transatlantic interna-
tional relationship of this kind as well.

About five years ago I was invited to prepare a history of the emer-
gence of medical biophysics at the Donner Laboratory at Berkeley, and I
went about it in a very different way from the way people had done previ-
ously. I looked up the discoveries of 118 radionuclides that had been used
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TABLE 2

Some V. S. Accelerators Capable of Producing Radionuclides of Medical Interest

LocatkM

Argonne National Laboratory
Argcnnc, Illinois

Brookhaven National Laboratory,
Chemistry Department

Upton, New York
Brookhaven Linear

Isotope (Producer (BLIP)
Upton, New York

University of California,
Laboratory of Nuclear Medicine
and Department of Radiological
Sciences

Los Angeles, California
University of California,

Crocker Nuclear Laboratory (CNL)
Davis, California

University of California,
Lawrence Berkeley Laboratory

Berkeley, California

University of Colorado
Boulder, Colorado

Columbia University,
Nevis Laboratory

Irvington, New York
Franklin McLean Memorial

Research Institute
Chicago, Illinois

Fermi National Accelerator
Facility

Balavia, Illinois
Harvard University

Cambridge, Massachusetts
Indiana University

Bloomington, Indiana

Type

Cyclotron,
60 in.

Cyclotron,
60 in.

Linac

Cyclotron,
38 in.

Cyclotron,
76 in.

Cyclotron,
88 in.

Cyclotron,
52 in.

Cyclotron,
168 in.

Cyclotron,
30 in.

Linac

Standard FM

Cyclotron,
260 in.

Parti-
cle

P
d
'He
'He
P
'He
'He
P

P
d
'He

P
d
'He
'He
P
'He

P
d
'He
'Hi:
P

P
d
'He

P

P

P

MeV

11
22
35
45

6 to 36
40 to 45
12 to 43

200

3 W22
6 to 13
7 to 33

20 to 65
30
38

25 to 80
55

120

28
18
42
37

380

15
7.5

20

37 to 200

160

200

M o * of proimctHM of '"I
(proposed or fcwwstnted)

l22Te(4He,3n)l!:'Xe

mTe('He,3n) '"Xe

'"I(p.5n)'"Xe

l ! ITc(d,n)' ! 'I
1!<Te(p,2n)'"l
11 'Te(p,n)'"l

127I(p,5n)'"Xe

"'Cs(p,2p,9n>'"Xe

'"fe(p.n) ' ! ' l

1I7l(p,5n)'!'Xe
(proposed)

'"i(p,5n) l i1Xe

Los Alamos Meson Physics
Facility (LAMPF),
Los Alamos Scientific Laboratory

Los Alamos, New Mexico
University of Maryland

College Park, Maryland

M-J;-Physics, Inc.
Emeryville, California, and
South Plainfield, New Jersey

Linac 600

Cyclotron,
94 in.

Cyclotron
38 in.

P
d
'He
'He
P
d
'He

10 to 100
30 to 70
50 to 200
30 to 140
3 to 22
6 t o l 3
7 to 33

"I(p,5n)mXe

I KTe(d,n) ' ! ' I

(Table continues on next page.)
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TABLE 2 (Continued)

University of Miami,
Ml. Sinai Medical Center

Miami Beach. Florida
University of Michigan

Ann Arbor, Michigan
Michigan State University

Easl Lansing, Michigan

NASA Lewis Research Center
Cleveland, Ohio

Naval Research Lahoraiory
Washington. D / '

New England Nuclear Corporation
Billerica. Massachusetts

Oak Ridge Nations' Laboratory
Oak Ridge. Tennessee

Pnnceion University
Princeton, New Jersey

Sloan-Kettering Institute
for Cancer Research

New York, NY.
Texas A & M University

College Station. Texas

Tri-Universilies Meson
Facility (TRIUMF)

Vancouver, B.C.. Canada
Washington University

Si. Louis. Missouri

Space Radiuton tifects Laboratory.
The College or William and Mary

Newport News. Virginia

Type

Cyclotron.
38 in.

Cyclotron.
83 in.

Cyclotron.
144 in.

Cyclotron.
69 in.

Cyclotron.
76 in

Cycloiron.
90 in.

Cyclotron,
K6 in.

Cyclotron,
76 in.

( yclolron.
50 Mev.
3 « c

Cyclotron.
30 in.

Cyclotron.
K8 in.

Cyclotron,
1K0 in.

Cyclotron.
60 in.

Synchro-
cyclotron

P«ti-
cle

P

P

P
d
'He

P

P
d
'He
4Hc

P
d
'He

p

P
d
'He
' H e

P
d

'He
'He

P
d
'He

P
d
He

'He

P

P
d
'He

p

Energy,
MeV

27

30

56

26

75

24 to 55

75
40

100

80

22

12
J

16

63

40
75
SO
43
28
78

56

15
7.5

20

60
65

150

130

200 to 500

10.5
21

42
600

Mode of producton of 1
(propped or demonstrated)

;;1'Te(p.2n>';'l

"'SH'He,3n)"'l
-"Te(p,3n)1!'l

' " H p - W ^ X c

"'Te(p,n)'"I

'•"Sb<'Hc.3n>'-"l

"Te(p.n)'-"l

Spallalioii with
ces im

'"Cs(p.2p,9ni ; 'Xc

in medicine up to that time. Much to iny surprise, when I picked out 70 of
them which had been used more than once, I found that over half of
these—37 of the 10—first were produced in the cyclotrons at Berkeley
(Table 3). This of course then was what led to the establishment of beau-
tiful research laboratories such as the Donner Laboratory.
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TABLE 3

Biomedically Useful Radioauclides Discovered
at Lawrence Berkeley Laboratory

27- to 37-in. cyclotron

Oxygen- 15PE

Fluorine-18 E

Calcium-45
Chromium-51EC

Manganese-52EC'PE'S

Manganese-54EC'S

Iron-59S

Cobalt-57EClS

Cobalt-58ECPE'S

Cobalt-60

Gallium-67EC

Rubidium-86
Molybdenum-99S

Technetium-99mS

Tin-113EC

Iodine-124ECPE'S

Iodine-130s

Iodine-I31s

Iodine-132
Xenon-133

60-in.
cyclotron

Hydrogen-3
Carbon-14
Magnesium-28
Potassium-43
Rubidium-81ECPE

Iodine-121EC

Iodi«e-I23EC

Mercury-197EC

184-in.
cyclotron

Maenesiuin-28
Iro n -52 E C P E S

Copper-67
Zinc-62EC'Pe

Germanium-68
Rubidium-81EC'PE

Rubidium-S2PE

Strontium-82EC

Cesium-129EC

Thallium-20IEC

PE, positron emitter. Of Xhxssz liaicti three "biomedical" radionuclides were pro-
duced almusi solely by decay and six, largely by emitting positrons.

EC, electron capture. Of those listed ten "biomedical" radionucliucj were produced
almost solely by decay and six, largely by electron capture, by Dr. L. W. Alvarez.

S, codiscovered by Dr. Glenn T. Seaborg.

Oxygen-15 was discovered by Dr. E. M. McMillan, one uf the Nobel
laureates there, in August 1934. I have already mentioned fluorine-18.
Cobalt-60 was discovered at Berkeley, also cobalt-57, cobalt-58, and then
we come to gallium-67. An interesting thing to me about gallium-67 is
that one man in Berkeley proved unequivocally with gallium-67 that there
is a process called "electron capture." For this he received a Nobel prize.
So a "medical" radionuclide used widely today was involved in sending one
of our friends from Berkeley, Professor L. W. Alvarez, to Stockholm.

Now you know about this one, technefium-99m. If. was discovered by
Drs. E. G. Segre and G. T. Seaborg in September 1938, and the rest of
the story about its widespread use in nuclear medicine you already know.
Xenon 133 was discovered with the 27-in. cyclotron, which later became a
37-in. cyclotron. The 60-in. "medical" cyclotron was the one that Professor
Perlmsn used in the discovery of iodine-123 as well as iodine-121. Also, he
was the man who discovered thallium-201, as a spoliation product, with
the large 184-in. cyclotron up on the hill.

In closing, I shall recount a sort of saga of iodine-123. First of all, in
1939 Dr. Ernest Lawrence developed his 60-in. cyclotron, and in his
announcement of it, he dubbed it the "medical" cyclotron. And he said,
with its use "the yield of radioactive iodine was 20 times greater at the
higher voltage." The iodine-123 actually had been made and used a decade
before it was discovered! The reason for that is that it was made by bom-
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barding tellurium which has eight stable nuclides. They bombarded it with
deuterons, and so they produced several radionuclides. Their attention was
on the iodine-130 and iodine-131; but they were also using iodine-123
because they were producing it in the reaction, l22Te(d,n)123I.

jn 1949 Professor Periman discovered iodine-123 with the 60-in.
Crocker "medical" cyclotron in Berkeley. The reaction is given as
l21Sb(4He,2n)l2;iI. We prepared iodine-123 by bombarding antimony with
~30-MeV helium-4 ions when Hal Anger and I duplicated the work years
later. Professor Periman asked me, in December 1961, whether I was hav-
ing any problems with this reaction, and I replied that 1 certainly was. I
could use it for only a short time because it was contaminated with
4.2-day iodine-124 and the highly energetic gamma rays from iodine-124.
As you know, iodine-124 is a positron emitter about one-fourth of the
time, and then it has a large number of hard gamma rays in addition. This
was causing image degradation with Hal Anger's scintillation camera,
which we were using in the pinhole mode at that time. The crystal was
only W in. thick and 8 in. in diameter. We really couldn't carry out the
studies very well because of the pinhole edge penetration by the contami-
nation from the iodine-124. So Professor Periman and I went over to the
nuclide chart, and he said, "Well, we've learned a whole lot in the last
dozen years." He then pointed out this method here,

l22Te(4He,3n)l23Xe

which I call the "indirect" (or Periman) method. He suggested that by
going through xenon-123, by bombarding enriched tellurium-122 with—he
estimated—~60-MeV helium-4 ions "in" and 30-MeV ions "out," one
might make curie amounts of the xenon-!23, which would then decay with
2.1-hr half-life into iodine-123.

Now the cyclotron in which iodine-123 was discovered by Professor
Periman in 1949, the 60-in. medical cyclotron, was moved to Davis, Calif.,
in 1962. Professor Perlman's "indirect method" was developed at Davis by
bombarding natural iodine-127, which is a 100% stable nuclide, with
57.5-MeV protons in the 127I(p,5n)123Xe reaction. The xenon-123 so gen-
erated then decays with 2.1-hr half-life into the iodine-123. The only con-
taminant of this which I wa- able to find when we got some of the iodine-
123 from Davis about eight to ten years ago was a very small amount of
iodine-125. Of course, iodine-125 does not interfere in any way with
"inside-out" imaging with iodine-123. We found no iodine-124 or any
other long-lived radioisotopes of iodine.

I believe this gives a historical introduction—an overview background,
if you will—to the short-lived twinkling atoms that we are mostly u>.,ing
today.
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ABSTRACT

To ensure proper radioactive drug use (such as quality, diagnostic improvement, and minimal
radioactive exposure), the Food and Drug Administration evaluates new drugs with respect to
safety, effectiveness, and accuracy and adequacy of the labeling. The IND or NDA process is
used for this purpose. A brief description of the process, including the Chemical Classification
System and the therapeutic potential classification, is presented as it applies to radiopharma-
ceuticals. Also, the status of the IND or NDA review of radiopharmaceuticals is given.

Since 1975 when the Food and Drug Administration (FDA) terminated
the 1963 exception to the new drug provisions of the Food, Drug, and
Cosmetic Act, it has been FDA policy to bring the development, produc-
tion, and marketing of radiopharmaceuticals into line with other sectors of
the pharmaceutical marketplace. This is necessary not only for legal rea-
sons but also tc assure the safety and effectiveness of the products, to
ensure their quality, to improve diagnostic medicine, and to minimize radi-
ation exposure. The primary thrust has been to see that radiopharmaceuti-
cals meet the new drug provisions of the Act, i.e., that products have
approved New Drug Applications (NDA's) or Investigational New Drug
Applications (IND's). The Bureau of Drugs has published guidelines for
the clinical evaluation of radiopharmaceuticals both in adults and in chil-
dren and now is preparing guidelines for the manufacturing and controls
information in radiopharmaceutical new drug applications. We anticipate
that a notice of availability of the draft manufacturing and controls guide-
lines will be published in the Federal Register later this year.

The Bureau of Drugs supports the lse of short-lived radionuclides in
nuclear medicine provided they u.jet the requirements of the Food, Drug,

•Renamed National Center of Drugs and Biologies.
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and Cosmetic Act. We recognize that to a certain extent some radiophar-
maceutical sponsors do not yet have the experience in FDA regulatory
matters which established drug sponsors have. We, therefore, have taken
and will continue to take special care in working with the radiopharma-
ceutical industry to expedite the submission and review of applications. To
avoid unnecessary delays in the processing of applications or unnecessary
litigation, the agency encourages open communications. We have found
that such communications expedite the review. The procedures that the
Bureau is obliged to follow are clearly articulated in the Bureau of Drugs
Staff Manual Guide BD 4800.3, Regulations and Communications with
the Drug Industry.

This staff manual guide defines three types of meetings—formal, infor-
mal, and drop-in—along with the procedures and responsibilities of each
employee of the Offict of New Drugs who is in contact with the industry
concerning meetings. I have heard it said that the relationship between the
Bureau of Drugs and the regulated industry is adversarial. This is not a
correct statement. I believe that a more accurate description would be that
the relationship is open but formal. This is, in my opinion, correct and
indicates how the Agency and the regulated industry should conduct
matters. That is why, for example, minutes are prepared at
industry/Agency meetings so the decisions are accurately stated and
clearly understood by all concerned. This Staff Manual Guide is available
to you under the Freedom of Information Act.

In 1974 the FDA adopted a system for internal use to classify new
drugs by chemical types and therapeutic potential. The purpose of
classification is to identify potentially important new drugs to facilitate
their evaluation so that useful new drugs can reach the market without
unnecessary delays. The classification system has two major components:
chemical types and therapeutic potential.

The chemical component classifies drugs into six types: (1) new molec-
ular entities (NME's), i.e., molecules never before marketed as approved
drugs in the United States, (2) new salts or esters, (3) new formulations,
(4) new combinations, (5) drugs already marketed by other sponsors, and
(6) drugs for which approval is being sought for new indications. The
application of the Chemical Classification System to radioactive drugs
differs somewhat from its application to stable drugs. For nonradioactive
drugs the chemical classification refers to the chemical moiety of the mole-
cule. For radioactive drugs, however, the moiety of interest is the radionu-
clide tagged onto a particular carrier molecule. Type 2 drugs are new salts
or esters of already approved moieties. For radiopharmaceuticals the term
Type 2 is used to represent different forms of the same carrier molecule,
e.g., human serum albumin (HSA), macroaggregated HSA, and microag-
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gregated HSA. Type 3, new formulations, refers to new dosage forms of
already approved radioactive drugs.

IND's and NDA's are also classified according to their therapeutic
potential. This classification is based on the subjective recommendation of
the reviewing medical officer as to the therapeutic potential of the new
drug under review as compared to approved drugs in the United States
used for the same indication. The recommendation of the initial medical
officer is reviewed by, and if necessary modified by, the group leader, divi-
sion director, or the Associate Director for New Drug Evaluation. The
drug is classified as A, 8, or C: A indicates a drug of major therapeutic
gain. B, a drug of modest therapeutic gain, and C, a drug of little or no
therapeutic gain. The advantage of an A or B classification is that the new
drug receives priority review over C drugs. It is important to note that the
classification of a new drug becomes finalized only at the time of final
NDA approval. For example, if there are two new drug applications
under review for identical drugs with the same classification and the same
indications, both of which have, for example, an A classification, the first
one approved will receive the A classification, whereas the other one when
approved will receive a C classification.

Since every drug is required to demonstrate its safety and effectiveness
before it can be approved for marketing, the classification of a drug as
having little or no therapeutic gain does not imply that it is not a- good 'S
drugs currently approved for that indication. Rather, it means tnat these
drugs arc as good as, but probably no better than, current); available diag-
nostic or therapeutic modalities. However, because different persons may
react differently to different drugs, a C classification di._ may offer
advantages in terms of sensitivity or acceptability for individual patients in
whom other drugs sre not well tolerated or have not been effective.

The Agency evaluates new drug submissions as to effectiveness, safety,
and the accuracy and adequacy of the labeling to ensure its proper use. As
for short-lived radionuclides, we are particularly concerned with contam-
inants and with both macro and micro dosimetry. Therefore the labeling
must clearly and accurately reflect the build-up, if any, of long-lived con-
taminants to permit the nuclear medicine physician to be able to make an
informed decision as to the use of the drug.

Currently there are nine NDA's under review in the Bureau as well as
83 active IND's. Figure I illustrates the radiopharmaccuticals approved
by the Bureau of Drugs from January 1974 through March 1982 but
excluding those radiopharmaceutical products originally reviewed and/or
licensed by the Bureau of Biologies. Eighty-three New Drug Applications
were approved during this period with an average total time for approval
of 30.0 months. I believe you will agree that this 30-month average time,
which includes FDA review time and industry response time, is just too
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Fig. 1 Number of radiopharnnceuticaSs approved by the Bureau of Drugs from
Jan. 1, 1974, through Mar. 31, 1982. White DOTS represent NDA's, new drug
applications. Blacic bars reprenent NME's, aew molecuiatr entities.

long. By working together, by attending meetings such as this one, by get-
ting to know each other better in terms of mutual objectives and require-
ments, and by the issuance of radiopharmaceutical manufacturing and
control guidelines, we can, I am truly confident, achieve in the future fur-
ther marked reduction in both FDA review time and sponsor response
time, with the result that useful drugs will reach the marketplace
expeditiously.
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ABSTRACT

A workshop on rare isotope production in the Oak Ridge Calutron facility was held during
the first week of February i982, in great part also stimulated by the Department of Energy
(DOE) and held under the auspices of the National Academy of Sciences (NAS). It was an
excellent symposium on isotope production, chaired by Dr. Gerhardt FricMJIander and orga-
nized by Dr. Henry Wagner, who is also participating in this symposium. A summary of the
workshop recommendations and the Calutrons and their importance are discussed.

A workshop on rare isotope production in the Oak Ridge Calutron facility
was held during the first week of February 1982, in great part also stimu-
lated by the Department of Energy (DOE) and held under the auspices of
the National Academy of Sciences (NAS). It was an excellent symposium
on isotope production, chaired by Dr. Gerhardt Friedlander and organized
by Dr. Henry Wagner, who is also participating in this symposium.

The NAS workshop is reviewed here because it interdigitates and
impacts heavily on the availability of short-lived radionuclides and cer-
tainly relates to the content, subject material, and perhaps some of the
conclusions of this symposium. The meeting was specifically directed at
the production capabilities of the Oak Ridge Calutron facility, which is a
critical factor in the production of the majority of currently useful medical
radionuclides.

Many are not familiar with the Calutron that will be described only
briefly, leaving the technical details to others who are more familiar with
its capabilities. Calutrons are electromagnetic separators, somewhat like
cyclotrons standing on their sides (name derivation, Calu from University
of California and tron from cyclotron or a special cyclotron developed in

58



RARE ISOTOPE PRODUCTION IN ORNL CALUTRON 59

California),in which almost all the enriched stable isotopes used in nuclear
medicine for target materials in production of radioisotopes are produced.
The facility itself dates from World War II and was primarily established
for other purposes, i.e., the enrichment of nuclear fission materials. Of the
16 Calutrons existing, though, at present only eight of these separators are
being actively useJ. The workshop meeting was called to communicate
with the community of individuals needing enriched rare isotopes, that is,
either per se for use as stable or radioactive isotopes or for subsequent use
as target materials for production of radioisotopes.

It was emphasized that the importance of the facility along with other
elements of production, is, however, largely unrecognized by physicians
who utilize its subsequent radioactive products. Eighty nercent of physi-
cians practicing nuclear medicine would not know what a Calutron is or
would not know that they have been dependent on this one single national
resource. In fact, it is an international resource! From the meeting it was
reported that most of the Western world relies on stable isotopes produced
in this facility for their various special needs, including the nuclear medi-
cal community. In particular, the program outlined the history and devel-
opment of those specific radionuclides net Jed in nuclear medicine. Initially
the molybdenum-99 used to subsequently produce technetium-99m prima-
rily came from this facility, but in subsequent years dependence has been
more i i reactor-produced molybdenum-99. It was amazing to learn that
perhaps up to 60 or 70% of the operation time of the Calutrons, at pres-
ent, is used to produce the target source material for thallium-201,
namely, enriched stabie thallium-203. Thus provision of thallium-201 is
occupying a great deal of the time of this facility. Other necessary
materials to produce gallium-67, namely, enriched zinc-68, are also pro-
vided from this facility. In a word then, the facility has been critical ?s a
base of supply, which ultimately will provide radionuclides in nuclear med-
icine. That was a surprise to most of the attendees and would certainly be
to most clinicians practicing nuclear medicine.

Presently met needs, i.e., the production particularly of the thallium,
were reviewed, but many unmet needs were cited. Among the latter is the
need for osmium-190, as a radionuclide generator of ultrashort-lived
iridium-191m to be used for diagnostic dynamic cardiovascular studies.
Other radionuclides to bs used as therapeutic agents were discussed. For
active research with monoclonal antibodies as well as several other recep-
tor site-specific moieties, high-purity, high-specific-activity iodine-131 is
needed as the "nuclear warhead" for their therapeutic use. The potential of
dysprosium-165 for radioactive synovectomies was discussed.

Because, apparently, there have not been enough funds to operate this
facility at full capacity, many of these needs cannot be met. In addition,
those other individuals in other scientific disciplines needing rare stable
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isotopes, literally of all the elements, must rely on this facility as the only
source. Hence many of the stocks of stable isotopes are at present
depleted, perhaps in great part because the facility is being utilized so
completely, primarily to provide nuclear medicine's needs.

Above all, the point was made that iodine-123 of high purity and spe-
cific activity and in sufficient quantity is required for the development of
tracers related to a number of promising avenues of clinical application.
This is as yet a totally unmet need. Provision of stable target materials for
iodine-123 production was listed as a top priority need, indicating, again,
the obvious impact on and the interrelationship of that meeting with this
one.

Future needs of nuclear magnetic resonance (NMR) for stable isotopes
were briefly discussed. Such use remains a great question at the present
time, and it will be a number of years down the line before NMR units
with cryogenic magnetics capable of taking advantage of stable isotopes as
tracers in biological systems can be utilized.

Three conclusions were derived from the workshop proceedings. First,
it was concluded that comprehensive stocks of all the stable isotopes from
which products for research and patient-care applications are derived must
be maintained and expanded. This will require the utilization of the
currently unused portion of the Calutron facility. Second, it was con-
cluded that identification and characterization should be made of all facili-
ties, including Calutrons, capable of furnishing products to meet these
needs. A national strategy should be developed for rare isotope production.
A parallel conclusion will, hopefully, be derived from this meeting, i.e.,
that (1) all the accelerator facilities which can produce short-lived
radionuclides for medical practice should be identified and characterized
and (2) a national strategy should be developed toward the combination
and utilization of accelerator facilities for short-lived radionuclide produc-
tion.

The third and last conclusion and unanimous recommendation was that
an advisory committee to set realistic goals and to evaluate and coordinate
overall efforts and resources should be created. Perhaps here is yet another
potential parallel conclusion for this meeting, namely, that the accelerator
facilities in the United States, whether commercial or noncommercial, are
not really coordinated and that the DOE and maybe the National Science
Foundation (NSF) should develop a coordinating committee or group,
especially for the DOE facilities, although the NSF also has many poten-
tial production facilities as well. When one finds that presently the differ-
ent accelerator facilities, even within the DOE, answer to many separate
administrative entities, there is a critical need to develop an advisory com-
mittee to coordinate their activities and perhaps even develop something
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like a medical cyclotron network, particularly at the DOE facilities,
encouraging NSF to join in this activity.

DISCUSSiON

Welbnan: Perhaps Dr. Wagner, as an organizer of the workshop, would
like to add to this presentation?

Wagner: The only paint I would like to make is that, despite the tre-
mendous impact of the Calutron program, its budget really amounts to
only about $2 million a year. So it was surprising to see the very large
impact coming from such a relatively small amount of money. That's the
only point that I want to make. Otherwise, I think you have given a very
good review of that meeting. The NAS report on the workshop will be
available soon as a publication.

Saenger: I would like to ask Dr. Wagner, or perhaps Dr. Thiessen, how
the Calutron budget might compare to the stable isotope production, say,
of Los Alamos National Laboratory or Mound Laboratory or perhaps
other facilities within DOE with which we are unfamiliar.

Wellman: While Dr. Thiessen and the other morning speaker,1; are tak-
ing their places at the table for the speakers panel to answer questions like
that of Dr. Saenger, let me point out and acknowledge the other members
of the program committee: Dr. Vincent Sodd, co-chairman, whom I'm sure
you all know; Dr. Peter Paras and Dr. Thiessen whom you've all heard
from already; and Dr. Richard Lambrecht and Dr. Leonard Wiebe.
Dr. Sodd, of course, this afternoon has a very large job in reviewing what's
going on in the United States with short-lived radionuclidei;; Dr. Wiebe
has the job of reviewing what's going on in Canada; and Dr. Lambrecht
will have a two-fold job in chairing a session and also making a presenta-
tion tomorrow morning. So you will hear from the other members of the
program committee as the meeting goes on, but at this point I do want to
acknowledge my appreciation of their help.
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Wellman: Dr. Thiessen, would you like now that you've had a
chance—see, I've given you an opportunity to think about this sticky
question—to answer Dr. Saenger's question, addressed to you, about how
the Calutron budget might compare to the stable isotope production, say,
of Los Alamos National Laboratory or Mound Laboratory or perhaps
other facilities within DOE with which we are unfamiliar?

Thiessen: The situation is rather complicated, but let me explain what
part of the problem is. Each of the three groups in the Office of Energy
Research has a responsibility that either directly or indirectly reflects on
isotope production. First, the Office of High Energy and Nuclear Physics
is responsible for the operation of the accelerators. That is why, for exam-
ple, the $2.7 million which I mentioned earlier pays for production time
which is basically devoted to nuclear medicine purposes, in a wide sense.
Second, the Office of Basic Energy Sciences runs the Calutron. Of course,
the stable isotopes are responsible for the target materials for the produc-
tion of radioisotopes. Third, the Office of Health and Environmental
Research, my own office, is responsible for the nuclear medicine program
in general.

The interrelation between these offices is less than optimal. It is not
bad, but it could be much better. For example, the whole matter of the
Calutron was assigned to the Office of Basic Energy Sciences because it
was clear that they spent a great many research dollars on what in effect
was the production—the routine production—of isotopes which were basi-
cally intended for the radiopharmaceutical industry. So, first, they got
everybody together to find out about production of stable isotopes. Henry
Wellman has reported on that. Second, they looked into the possibility of
making these isotopes sort of self-supporting, for full cost recovery, so that
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anybody could buy anything from the Calutron and DOE would not have
to put any research dollars into it. Actually, we have a problem there now,
and, although the working group at the National Academy of Sciences has
recommended increasing the production of the Calutrons, the situation is
that the production of the Calutrons in 1983 may be considerably lower
than in 1982.

Wagner: I would like to begin the open communication with
Dr. Frankel. Dr. Frankel, at the time of the removal of the exemption and
the transfer of jurisdiction to the Food and Drug Administration, one of
the worries of the people in the field of nuclear medicine was that the
same criteria would be applied in judging an agent (1) which was going to
be given over the lifetime of an individual with a chronic illness such as
arthritis or cancer and (2) which had very clear-cut toxicity potential, as
the criteria which would be used to study something such as a food like
glucose. It was those concepts that led, after considerable discussion, to the
Radioactive Drug Research Committee (RDRC) concept. It has been
rumored that the RDRC concept (which perhaps you may want to clarify
for those in the audience who don't know what that is) is being questioned
by the FDA at the present time. Is this a true statement?

Frankel: Everything, of course, is always open and under review, but
to my knowledge there are no plans to extensively modify or change the
RDRC concept, which is a concept by which, for X number of patients for
a limited research study, the institution can proceed and do it. There are
no plans to change this concept that I know of. It's working.

Saenger: I would like to address this question to Mr. Fiankel because
I do not entirely understand what he was telling us. In this elaborate
scheme of talking about therapeutic drugs and then applying this scheme
to radiopharmaceuticals, I began to think back about a program which we
have had at the University of Cincinnati since 1949. We see some 10,000
patients per year in about four or five hospitals and give them a number of
individual doses. Before 1975 we made a lot of our own kits. We used rea-
sonably pure drugs, we did no pyrogen testing, and it was a fairly econom-
ical program. We then made this procedure more elaborate. We were able
to obtain from Walter Wolfs great program a very fine nuclear medicine
pharmacist, and we now have very highly trained nuclear medicine
technologists. Then I watched the cost of our radiopharmaceuticals now
approved by the FDA over the last several years go up and up and up,
while the number of kits and preparations manufactured in our own labo-
ratory decreased, particularly those in routine use. So the net cost to the
patient, which has been a matter of some minor interest to the Department
of Health and Human Services, has gone up markedly, with not much
advantage, because if we had no reactions when we were not wall super-
vised, we have no more now at a greatly increased cost.
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So, if you look at this at arm's length, you might say that it would be
advisable to have a Generic Impact Statement from the FDA or from the
Bureau of Drugs as to why this program is not somewhat self-serving.
Maybe you would like to comment on that. This is particularly true if I
look at the problems we have had over the last five or six or seven years in
regard, say, to iodine-123: we have had this problem starting at Los
Alamos years ago, as Dr. Paras and others can testify.

Frankel: Thank you very much for your comments. However, I must
take issue with you wifh respect to there being no reactions due to these
drugs. Possibly this is true with your installation—that is fine. However, as
stated by Mr. J. A. Halperin at a recent APHA (American Public Health
Association) meeting where this topic was discussed, and it is true of the
information we have collected and received via our Drug Quality
Assurance program, adverse drug reactions exist because of poor products
on the market. The radioactive drug products' portion of that is just too
high, so we must bring this down. One way to improve—one way to bring
down the number of adverse drug reactions—is to improve the quality of
the product.

Voice: Would you elaborate on that, please?
Voice: Would you be able to quantitate what you just said?
Frankel: In Mr. Halperin's talk at the APHA meeting—here in

Washington, I believe, two years ago—in which this topic was discussed,
he actually listed the numbers of recalls, drug problems, via the Drug
Quality Assurance program.

Voice: That would not necessarily be adverse reactions.
Frankel: No, that is not necessarily adverse drug reaction to an indi-

vidual. I am speaking of the product. This is still going on today: we are
still getting, in our opinion, too large a number of products, of radioactive
products, whose quality could be better in the marketplace today.

Saenger: I would like to comment that I think this raises a very seri-
ous question as to cost-benefit and efficacy. These terms are bandied
about. A number of us have done many detailed and expensive studies,
and it bothers me to say that three or four individuals can make a value
judgment—I don't know whether we have a three percent, a three-tenths,
or a three-hundredths of a percent of reactions. I don't know what their
seriousness is. I don't know whether this is a situation where there is a dif-
ference in a chemical purity, or a contamination with an Escherichia cbli
or anything of this sort. And these are called drug reactions, and I don't
know what this means, and they are not detailed!

Franke): Excuse me. We are talking about two different items. One is
adverse drug reactions, and the other is the quality of the product itself.
The adverse drug reactions—major reactions not reported in the labeling
or package insert—are very serious types of reactions in which there may
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be a death, for example, or there may be some other type of unexpected
toxicity due to the introduction of a drug into a human. The other type of
situation concerned the quality of the product itself. In our opinion there
are still too many recalls of radiopharmaceutical drug products, with
respect to the rest of the drug industry. It is out of line. It is toohigh.

Wellman: Let me say, first of all, that in my experience as a member
of the Radiopharmaceutical Advisory Committee, we routinely guard the
reports of adverse reactions. To my recollection ths only radiopharmaceuti-
cal that had any kind of a questionable reaction was microspheres.

Frankel: That is correct.

Wellman: Albumin microspheres. We were talking of about 20 cases,
in a period of one or two years. But, other than that, there was no really
definite number of deaths. These were questions of patients perhaps having
their respiratory function compromised somewhat more aftei receiving
microspheres. However, I must point out that already in the literature
there were scientific questions about the relative safety of microspheres vs.
macroaggregates, but to my knowledge, in my past experience, adverse
reactions were minimal with radiopharmaceuticals. A second point is that
I would like to cite the recent data from the NRC (Nuclear Regulatory
Commission) with regard to misadministrations. The information is abso-
lutely amazing, and those of you who join us from other countries might
be interested to know this. The number of misadministrations with
raiiopharmaceuticals is running about one-tenth of one percent, if it is
that high, and this is compared to about 20 percent with all other drugs.
So I know that is not directly an immediate problem with the production
of radiopharmaceuticals, but it has to do with the use of radiopharmaceu-
ticals. Therefore, overall at least, the medical practice use of radiophar-
maceuticals is probably one of the safest things done with drugs in medi-
cine. Dr. Robinson?

Robinson: Well, I would just echo what Henry has said relative to the
magnitude of the problem. I believe that is what we have been told all
these years at FDA, and I am surprised to learn that apparently there is a
different concern. I have read Mr. Haiperin's spefh, and I did not think
we were quite that concerned.

I would have a different question for Mr. Frankel, though, because I
believe Henry has answered to the magnitude of the problem very well.
The question I have is relative to your statements that the radioactive
pharmaceutical^ used in diagnosis are the same as all other drugs. We
have heard this for a long time, and we have written our guidelines from
that point of view. At the same time, even FDA Commissioner
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A. H. Hayes, Jr., in a recent speech acknowledged that "maybe not all
drugs are really quite the same," that ihere are cancer drugs and other
kinds of treatment drugs and diagnostic agents, -nd maybe there should be
some differences. That is the first time we have heard that in public, I
believe, from the FDA.

Certainly one of the differences for radioactive drugs (and ve shall
probably see thai during this meeting) is the fact that almost all, if not all,
the radioactive drugs we use today which are approved in the marketplace
have their initial development in the universities. That is a departure from
the usual method of drug development throughout the drug industry. For
that reason literally hundreds of physician-sponsored IND's (Investiga-
tional New Drug Applications) have been filed over the years. These have
generally been fairly brief since they were sponsored by physicians, and
the}' were not held to the same manufacturing-and-controls data that drug
manufacturers, who might initiate an IND, would be held to. That is how
it has operated in the past. I have some recent correspondence which sug-
gests that individual physician sponsors are being asked to supply data in
the hundreds of pages, including sophisticated manufacturing-and-controls
information which is usually not available to their laboratory nor in their
laboratory. Does this represent an individual case or two, or does this mark
a shift by the agency relative to the physician-sponsored IND?

Frankel: A couple of things are occurring. First, you have asked a
very basic question, and I would like to discuss it with you in general
terms. That question concerns the overall concept of drug development,
drug research, drug review, and individual-sponsored IND's. You have
actually asked several questions at once. Maybe I can best address them
this way. You are accurate in your statements that, at least initially, much
of the radiopharmaceutical work has been done at the universities under
some sort of aegis of research. The question is, What do we really need to
have for that drug so that other individuals who need it can get it? Dr.
Hayes has made statements to the effect that you have alluded to. In fact,
we are now embarking on a very elaborate radioactive drugs program into
which some of the drugs you refer to may fit, in which case it is quite con-
ceivable that the amount for both drug development and drug review will
be less than the amount required for a "normal" drug. So in that respect
different classes of drugs will be coming up. The amount to be required
for each drug will be determined on the basis of that particular drug.

The second question refers to singie-investigator IND's themselves.
Currency, in-house, we have over 6800 investigational new drugs that are
active. Of the 6800 new drugs, only about 2000 have commercial IND's,
the balance being mostly single-investigator IND's as such. For most of
these, in terms of manufacturing-and-controls information, it is not diffi-
cult to obtain information about the sponsor; you can get it from the
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manufacturer or from the Drug Master File by reference. In terms of the
hundreds of pages of manufacturing-and-controls information, I believe
this would be a very unusual case. Possibly, for a dangerous drug, we may
indeed have asked for this. I just do not know the example.

Welhnan: 1 believe Dr. Walter Wolf had a question.

Wolf: Yes, to Mr. Frankel. My question is in a similar vein to the
one asked a moment ago, i.e., with the short-lived radionuclicies especially,
we are likely to see a proliferation of drugs that will have to be manufac-
tured in-house. How do you feel the FDA will be handling that? The
RDRC's are good for the first 30 studies, and, then if you modify the
study a little, you may be able to do a few more but not really extend it
beyond that. However, I believe that universities will have neither the
inclination nor the facilities, except in a limited number of cases, to actu-
ally go into the equivalent of an NDA, nor will in most cases the universi-
ties want to manufacture drugs for sale to other locations but basically
only for their own use in-house. So how will those drugs be handled, and
what are the long-range prospects of the in-house-manufactured short-lived
radiopharmaceuticals?

Frankel: I believe there are two answers to your question. First, if the
product on which you are doing research indeed has commercial applica-
tions, 1 am confident that some of the ! 3 or so manufacturers, many of
whom are represented here today, can assist you and can get it through
the drug development process. That is the easy answer.

The more-difficult answer involves the question, What if the drug is for
a very limited number of patients? Again, for such cases I am hopeful that
the orphan drugs issue will apply because here, to me, is a perfect example
of an orphan drug—a drug by which only a limited number of patients can
benefit and for which it just is not commercially feasible to be sold
throughout the United States. Now what will the orphan drug process be?
I capfjot answer that question at this time. I believe that it represents the
boLom line you are seeking an answer for, and I just cannot answer it yet.
As the orphan drugs program is developed, this question will be addressed.

Wellman: I also wish to direct a question to you, Mr. Frankel. I am not
trying to pick on you, but maybe it is a beginning to point out in this
chain—this governmental chain upon which all of us have to rely—the
specific links some of us in the audience are most concerned about. Of
course, we would like to have all the links of equal strength—not that it is
a necessarily weak chain—but maybe there is a rubber link in it someplace
which stretches too much before it really starts pulling. Nevertheless, I
also want to point out that I am well aware that you used to be with the
Bureau of Radiological Health. When I was with John Delforth this past
weekend, I pointed out to him you would be on the program, and he said,



68 DISCUSSION

"Yes, the Bureau of Radiological Health is bringing enlightenment to the
Bureau of Drugs." But now for my question: The time that you indicate
for development of a drug represented only the period from the application
for an NDA to the granting of an NDA. It did not—I don't
believe—include the period of time it takes for a drug company to go
through the IND process as well. When you add that on, you indeed may
double or even triple the time required. Is that not correct?

Frankel: Specifically, give my best regards to John Deiforth when you
see him next. The time of 30 months that I showed you was what I shall
categorize as drug review time. That is not—I emphasize—"part of drug
development time" although they, i.e., review time and development time,
are not entirely mutually exclusive. That is only drug review time. The
drug development time (the so-called IND phases 1, 2, and 3), I will tell
you now, for Class 1 molecules, i.e., new molecular entities, by 1981 took
four-and-a-half years. So your perception of two-and-a-half years—or 30
months times two, for five years—is quite close, with a total time of about
seven-and-a-half years for the average drug development and drug review
time combination.

Yes, I hear your message loud and clear. It is something we ourselves
have harped on in the Bureau of Drugs. Something I tried to stress in my
brief remarks is that we do realize the sudden change from the way it was
to the way it is, and we are trying to help although at times it may seem
that we are trying to hinder. When those of you who are sponsors get, for
example, an action letter back from us, it is not the opinion of an indivi-
dual reviewer which you receive. It is a consensus document that has come
up the line from the reviewer to the individual supervisor to the division
management level to the associate director for New Drug Evaluation. And
that individual who signs that letter is the only one authorized to sign that
letter. During that process changes occur. If we believe that some particu-
lar requirement is off the wall, we remove it from the letter. The letter you
receive from us has truly been screened and rescreened to make sure that
it is accurate.

Wellman: Are you talking about the ombudsman's It Her?
Frankel: No, I am talking about an "approval'. ' letter, a "not

approvable" letter, or an "approval" letter, the so-called action letter. H is
a very carefully written document. An approval letter is much easier to
write than a "not approvable" letter. If we send you a "not approvable"
letter, we must be prepared to defend before a hearing the reason, pre-
cisely, for every item listed on it. So it is a very carefully crafted docu-
ment. The bottom line of what I am trying to say now is that no individual
person, i.e., no one person, can stop an NDA from being approved.

One of the things I would really encourage all of you to do—and this
maybe will have some, I hope, enlightenment effects upon the Bureau of
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Drugs, as well as upon everyone in this room—is this: if you disagree with
something we do, tell us about it. If you appeal it, we will listen to you.
Individual decisions have been overruled when we have found out about
such situations. Right now there is an appeal process you can use. Oh, I
know, you are going to say, "Aha! That's easy for Frankel to say, but
when Dr. So-and-so who is reviewing my product sees my product next
time, it's going to get put at the bottom of the pile!" Maybe. But I don't
think so. I don't believe that will happen.

One more thing. The amount of paperwork that has to be done during
the NDA review process is horrendous. An NDA with no problem at all
can easily amount to a very large number of volumes. Right this moment
in the Secretary's office is the NDA rewrite, which has gotten through the
Commissioner, and, now, after the Secretary's office finishes with it, it will
go to OMB (Office of Management and Budget). It then will be published
in the Federal Register, hopefully in brief form, so that we are going to
eliminate much of the paperwork you currently have to do to get an NDA
approved.

Myers: My question might seem to be facetious, but it is not intended
to be, and it is directed to Mr. Frankel. I would like for him to tell us the
difference between a radio drug and a radiopharmaceutical. The reason I
am asking this is that some few years ago I received a document on radio-
active drugs, and I went through it in detail. I found the term radio drug
was used 221 times. The term radiopharmaceutical was used seven times
by actual count. The term radiopharmaceutica! has a place in nuclear
medicine. It was coined 30 years; ago—without indicating names—in
North Chicago by a purveyor at thai time who was chiefly sending out
substances, radioactive substances, which were designed to have a biologi-
cal function effect.

When I was teaching the subject for more than 30 years, a large frac-
tion, of my students—medical students—had had courses in pharmacology.
And I had to take their tin,.; and my time—a waste of time for both
teacher and student—to explain to them that, when we in medicine used
the term radiopharmaceutical, we did not really mean that it had a phar-
macological effect. Most of the tune, if it had pharmacological effect, it
would not be acceptable to us.

Finally, from the standpoint of simplicity, I would recommend that we
use the term radio drug when we mean to use it as a radio indicator, in
terms of Havesey or a tracer, but when we do not plan to use it to produce
a biological effect. A radio)iharraaceutical should be reserved only for
those cases where we are deliberately giving it to produc a biological
effect. I indicated this morning that the true father of radiopharrnaceuti-
cals was John Lawrence, who gave phosphorus-32 in phosphate form on
Christmas Eve of 1936. Also, from the standpoint of simplicity, the word
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drug has one syllable of four letters. Pharmaceutical has five syllables and
14 letters.

Frenkel: So noted. Thank you very much, sir. I guess what you advo-
cate would be that al! radiopharmaceuticals are radio drugs, but not all
radio drugs are radiopharmaceuticals.

Voice: I have a question for Me Frankel. Back in 1979 it was
proudly stated by the U. S. Food and Drug Administration that there
were actually four people in this great land dealing with radiopharmaceuti-
cals, exclusively in order to take home the food and so on, to allow them-
selves to live. I wonder if that number has increased.

Frankel: Let me answer your question with a question. I really do not
know what you mean by four. Where was that statement made? I think I
understand, but I want to clarify it.

Voice: The statement was made at the radiopharmaceutical meeting
in Seattle, at which time presentations were made by the U. 8. Food and
Diug, the Food and Drug from Canada, and also the one from Denmark.

Frankel: That would have been, I believe, the 1968 meeting of the
Society of Nuclear Medicine.

Voice: No, this was the Second International Seminar in Radiophar-
maceuticals in Seattle in March 1979.

Frankel: Lei me describe what makes up our staff so you can have a
better understanding of it. In one of my six review divisions, the Division
of Oncology and Radiopharmaceutical Drug Products, we have a
radiopharmaceutical drug group that has a group leader who is a radiolo-
gist physician. He currently has under him three other physicians. So,
that is a total of four. But that is not the entire picture; that is just a small
piece of it. Several chemists are also in this same division, as weii as the
supervisory chemists who are engaged in that activity also, i.e., in the
review of the manufacture-and-controls aspects. At least one additional
individual, as well as several other pharmacologists in that division, are
engaged in the dosimetry aspects. Then several other people in our labora-
tories in downtown Washington, as well as throughout the field which is
under the direction of EDRO (Executive Directorate of Regional
Operations), are doing sampling and are engaged in the testing of the
product. Therefore the statement that there is a total of just four was
misconstrued. There are many times four individuals engaged in the
practice—many times four person-years—engaged in the review of these
drugs.

Borne: The only point that came out of that was the fact that identi-
cal submissions sent in to Canadian Food and Drug, as an example, took
approximately four months to be cleared vs. four years, and, having seen
submissions of this sort and having myself put an NDA in for I25I io
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and having it cleared within about six months, and then seeing the
Amersham-Searle combination submission and finding it took about three
years through U. S. Food and Drug, I just find it rather mind boggling.

Wellmau: We shall now move on to Dr. Robinson, who always has
constructive information.

Robinson: I hope this is constructive. It is at least an announcement.
It appears that FDA has generated a lot of questions. Some of the audi-
ence may not be aware of the fact that the Radiopharmaceutical Drugs
Advisory Committee meets Thursday at FDA in Rockville in Conference
Rooms G and H, all day. It is an open session. It is a meeting of the
Committee with the FDA staff that he referred to, and perhaps
Mr. Frankel would like to attend a portion of that meeting, particularly to
be present during the public comments session. A specific session is set
aside at 11:00 AM on the agenda for open public comment, and of course
the proceedings of the meeting are open to anyone throughout the day. So,
perhaps in view of the hour, this would allow us to carry forth those dis-
cussions at that forum, and it would provide additional FDA staff to
answer some of the questions.
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ABSTRACT

The current status of short-lived radionuclide (SLR) production and use in Japan and
Asian countries is reviewed. The activities of six cyclotrons for medical use in Asia (except
Japan) and Australia are reported. In Japan 10 dedicated medical cyclotrons were installed
by 1983. These are located nationwide, according to government policy, and more are
planned. Only two commercia' cyclotrons were installed by May 1982; however, the number
will be doubled by the end oi ,%3. Even though SLR application in Japan is in the cradle
stage and is limited to oniy a few institutions, an analysis of these applications indicates the
high efficacy of the dedicated small cyclotrons as compared with targe, multipurpose cyclo-
trons. Because of the lacl: of high-energy commercial cyclotrons by 1982, a satisfactory
iodine-123 supply of labeling quality has been limited. However, since two of the three medi-
cal cyclotron manufacturers and more than three positron camera producers are located there,
Japan has high potential for the routine practice of nuclear medicine.

According to the objectives of this symposium, tike current status of devel-
opment of short-lived radionuciides (SLR's) in Japan and parts of Asia
will be surveyed in this paper. The facility for the production of SLR'a
depends, needless to say, on the installation of cyclotrons, so the distribu-
tion of cyclotrons in these areas is summarized first. Cyclotron activity in
Asia (except Japan) and Australia are listed in Table 1. Two medical
cyclotrons in India, located in Chandigarh and in Calcutta, were installed
in 1971 and 1977, with proton-accelerating energy of 7 MeV and 6 to 60
MeV, respectively. Both cyclotrons are used for SLR production; however,
no detailed information was obtainable at this time. According to Profes-
sor Mun HO Lee, Korea is planning to install medical cyclotrons soon.

In the People's Republic of China, two cyclotrons were reportedly
engaged in isotope production. A Chinese-made fixed-energy cyclotron for
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TABLE 1

Cyclotrons for Biomedical Use in Asia* and Australia

73

Location

India
Calcutta

Chandigarh
Korea
People's Republic

of China
Shanghai

Peiking
Taiwan

Taipei
Australia

Canberra

Institution

Pnabha Atomic
Research Centre

Panjab University
Seoul National University

Institute of
Atomic Research

Chinese Si. nee Acpaemv

Ei-Min Hospital

Australian National
University

Ridicisotope
production

Yes

Yes (10%)
Yes?

Yes

Yes

None

Flfsi beam
date

1977

1971
Scheduled

1950

Scheduled

Shut down

Proton-
acedcrating
energy, MeV

6 to 60

7

8

t

26

'Except Japan. tBaby cyclotron is on order.

8-MeV proton acceleration with a beam current of 8 to 50 mA, installed
in the Institute of Atomic Energy Research in Shanghai, is producing 20
different radionuclides including 201Tl, 67Ga, and '"In. Several iiijectablc
radiopharmaceuticals are prepared here also. This cyclotron is scheduled to
be upgraded to a proton energy of 30 MeV. A shortage of proton-
accelerating energy from this cyclotron limits the purity of 2O1T1, so they
plan to produce I99T1 by using gold foil as target material. Iodine-123 is
being produced, and 18F will be produced there also.

The Institute of Atomic Energy Research, affiliated with the Chinese
Academy of Sciences in Peking, with 3000 workers (including 50% univer-
sity graduates), has a domestic reactor used for radionuclide production
and a Russian fixed-energy cyclotron installed in the 1950's, which will be
modified into the variable-energy type. One hundred fifty radionuclides
have been produced there, and 20 radiopharmaceuticals are manufactured,
as well as 99mTc generators.

The Research Institute for Industrial Automation with 780 workers is
currently manufacturing medical cyclotrons. Of 12 laboratories one is
devoted to radiation research. The state of the art of nuclear medidne in
the People's Republic of China can also be explained by the existing 30
gamma cameras and many domestic scanners. Dr. Peter Yeh reported that
his hospital (Ei-Min Hospital) ordered a Japan Steel Co. baby cyclotron
for SLR production.
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TABLE 2

Medical Cyclotrons in Japan

Institution

National Institute of Radiological
Sciences (MRS)

University of Tohoku
University of Kyoto

national Chest Hospital
Astita Prefectural Brain Institute
Nihon Mcdi-Physics Company

University of Tokyo
University of Gumma
University of Kyushu

Type of
machine

CGR MeV 930
CGR MeV 680
CYPRIS 325

JSW BC 106
JSW BC 168
TCC CS 30
TCC CS 30

TCC CS 30
Scheduled
Scheduled

First beam on
target, year

1974
1977
1982

1977
1982
1974
1981

1973
1983
1983

In Australia the National University in Canberra has a research cyclo-
tron with proton-accelerating energy of 26 MeV; however, operation of
this machine was shut down two years ago, and the cyclotron was solii to
Nihon Medi-Physics Co. Therefore no cyclotron activity exists on that con-
tinent at present.

In Japan two commercial cyclotrons (TCC CS 30) with proton-
accelerating energy of 26 MeV are being operated by Nihon Medi-Physics
Co. for full radionuclide production. Six other cyclotrons are already in
operation, and four are being installed for radionuclide production.

With the world's second oldest tradition of cyclotron research, the
Institute for Physical and Chemical Research is currently operating a clas-
sical 160-cm cyclotron partially for radionuclide production. This institute
is going to install a high-energy ring cyclotron shortly. The National Insti-
tute of Radiological Sciences in Chiba installed a CGR 930-MeV in 1974
for medical purposes, both for radionuclide production and for neutron and
proton therapy.

The National Chest Hospital in Nakar.o (Tokyo) installed the smallest
baby cyclotron (JSW BC 106) for full SLR production 5 years ago.

The National Tohoku University in Sendai purchased a CGR
630-MeV cyclotron for multipurpose application including SLR produc-
tion.

The National Osaka University has a 230-cm AVF cyclotron with par-
tial application in SLR production. The University of Tokyo installed a
TCC CS 30 in 1973 mostly for therapy purposes.
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In 1981 the National University of Kyoto installed a new cyclotron, the
CYPRIS 325, by government funding. The Akita Prefectural Brain
Research Institute is now installing a JSW BC cyclotron.

Two additional budgets were raised for medical cyclotron purchase in
1982, one for the National Gumma University and the other for the
National Kyushu University.

How long vill this cyclotron fever continue in Japan? A survey was
made by the J^pan Machinery Federation to find the answer. Of 509 ques-
tionnaires sent to medical institutions, 53% were recovered (Table 3).

TABLE 3

Questionnaire Survey on Small Cyclotron
and Positron Camera (1981)

University hospitals
Hospitals
Research institutions

Total

Number
sent

104
402

3
509

Number
answered

74
190

3
267

Recovery, %

71
47

100

53

TABLE 4

Planned Cyclotron Installations
in Institutions in Japan (1981)

Within 3 years
Within 5 years
Within 10 years
At some future time

Total

Medical
cyclotrons

7
7

11
59

84

Positron
cameras

8
12
8

67

95

This survey revealed that seven hospitals plan to install a cyclotron in 3
years, another seven in 5 years, and 11 within 10 years. From among 267
hospitals answering the questionnaire, 84 hospitals (31%) indicated their
interest in installing a medical cyclotron (Table 4). The survey also
revealed that the interest of the medical community in positron cameras
was a little higher than in cyclotrons.
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dioisotope sales in Japan.
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In contrast, the major reasons for the reluctance of other hospitals to
have these attractive devices are as follows:

Percent

Shortage of budget
Shortage of staff
Lack of space
Cost-effectiveness
Clinical usefulness
Reliability
Public consensus
Radiation hazard
Other reasons

32.5
21.4
18.!
15.8
3
3
2.6
2.3
1.4

As for the current status of nuclear medicine in Japan, almost 3000
Japan Society of Nuclear Medicine members are working at 805 hospitals
on in vivo studies and at 1019 hospitals and other institutions on in vitro
studies.

Figure 1 indicates the total amount of radiopharmaceuticai sales in
Japan as an index of the growth of nuclear medicine communities. A con-
tinuous upward tendency is noted both in the in vitro and in vivo fields. Of
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TABLE 5

Commercial Production (in Curies) of SLR's in Japan

SLR

" M a 99mTc generator
Technetium-99rii solution
Gold-198

Thallium-201
Indium-Ill
Iodine-123

1975

526
224
66

0
1
0.05

1976

739
320
56

3.4
3.2
0.3

1977

989
445
43

14.1
6.2
0.5

1978

1239
628

33

24.3
8.3
0.7

1979

1615
641
22

41.2
9.9
1.9

1980

2187
529

15

63.2
8.4
3.9

1981

2538
329

11

88.1
6.7
5.8

TABLE 6

Current Specifications of Iodine-123-Labeled
Sodium Iodide Capsule

I N D ' supply started
NDAt approved
Amended production method

[from mTe(d,n) to
IMTe(p,2n) approved]

Dose size

Nuclide purity, at
calibration time

Iodine-123
Iodine-124
Iodine-126

June 1975
March 1979

August 1981

100 pCi/capsuie
(i.e., 100 pCi/patient)

>96.7%
>3.0%
>0.3%

'Investigational Exemption for a New Drug.
TNew Drug Application.

course, the in vitro field shows a more marked growth; however, the
growth rate of t!,c in vivo field in the last year still remained as high as
12%.

Table 5 shows the annual commercial production of SLR's in Japan in
terms of curies. Iodine-123 production is still very much limited; however,
steady growth is notable over the last 7 years.

Nihon Medi-Physics Co., the sole commercial cyclotron-produced
SLR's industry in Japan, produces 20ITI, ' " in , 67Ga, and I23I, even though
substantial amounts of imported additional SRL's support the total nuclear
medicine activity of Japan. Table 6 lists the current specifications of I2JI
supplied by this company. The original method of the (d,n) reaction wac

replaced by the 124Te (p,2n) reaction for higher nuclidic purity and yield.
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TABLE 7

Percent of Rsdionuclide Purity

(odine-121
Iodine-123
Iodine-124
Iodine-125

Iodine-126
Iodine-130
IoJine-131
Sodium-24

At end of
bombardment

_ .

96.2
0.3
-

0.1
3.1
0.1
0.3

At cali-
bration

_

95.5
0.8
-

0.3
2.8
0.2
0.3

123Te(|>,2ii

At end of
bombardment

0.3
98.7

1.0
-

-
-
-

,)123I

At cali-
bration

_

97.6
2.4
-

_
-

*Dash indicates not detectable.

TABLE 8

Absorbed Dose by Oral Administration
of 100 nG of Iodine-123

at Calibration Time

Reaction

l2ITe|d.n)123I I2*Te<r,2n)i23I

Thyroid 5.0 rads 3.4 rads
Total body 0.0059 rad 0.0048 rad

The spectrum of l23I by (d,n) reaction is shown in Fig. 2(a), and Fig.
2(b) shows a similar spectrum of 123I by (p,2n) reaction. Even though I24I
contamination showed some increase, no detectable I26I, I3OI, I31I, and
24Na were present by the latter method (Table 7). This caused decreased
thyroidal and total-body radiation (Table 8). However, even this product
cannot be considered as labeling-grade I23I, the major topic of this sympo-
sium. As will be discussed by others, it is not clear to us still what
ingredients contained in Nal (I231) actually disturb the labeling reaction or
lower the labeling efficiency.

Certain components contained in the routine supply of Nal (123I) are
suf >osed to disturb the labeling reaction; they are metal cations such as
Al3+, carbonate, and bicarbonate. While working as chairman of the new
radiopharmaceutical production committee supported by the Ministry of
Health and Welfare, I was informed that labeling-quality 123I can be
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(a)

Fig. 2 (a) Gamma-ray energy spectrum of iodlne-123 produced from the (d,n)
reaction, at calibration time, (b) Gamma-ray energy spectrum of iodine-123 pro-
duced from the (p,2») reaction, at calibration time-
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TABLE 9

Production and Clinical Trials of Iodine-123 Labels
at the National Institute of Radiological Sciences

Short-lived rsrfioBMlide 1977 1978

Production, mCi
123I-NaI
l23I-hippurate
123I-6-iodomethyl-19-norchloresterol
123I-rose benga!

Clinical Trials,
I23(-Nal
l23l-hippurate
l23I-6-iodomelhyl-l9-norchlore3terol
l23I-rose bengal

1.3
28.4
41.1

number of cases

5
14
7

1979

99.6

16

1980

127
4.2

21
2

1981

79

21.2

11

prepared from the product of the medium-energy proton-accelerating
cyclotrons.

Iodine-123 labeling of N-isopropyl amphetamine or its analogues, vari-
ous monodonaJ antibodies, and fatty acids are evaluated for commercial
production by using this "high-chemical-purity" I23I.

On the other hand, to provide the basic information on the usefulness
of I23I of high radionuclidic purity produced by high-energy proton-
accelerating cyclotrons, the National Institute of Radiological Sciences has
performed the listed activities in the past several years (Table 9). Besides
Nal ( I23I), I B I hippurate, 123I-6-iodomethyl-9-norchoiesterol, and 1J3I rose
bengal were examined with satisfactory results.

Recently orthoiodohippurate (OIH) has been supplied by a commercial
source under a Notice of Claimed Investigational Exemption for a New
Drug (IND). Figure 3 indicates the method of preparation. Initial study of
l23I-labcled OIH revealed that it cleared more rapidly from blood into
urine than 131I-labeled hippurate cleared (Fig. 4).

In Japan the adverse reaction caused by conventional 13I1-OIH is
reported to be relatively high, as compared with other nations, so it is
hoped that the new 123I-OIH will solve this problem, too.

Of course, interest is growing among physicians in Japan concerning
the use of m I of high radionuclidic purity, which is produced by a large
cyclotron. Because the introduction of a large cyclotron requires huge
investment, however, it will be difficult to use one on a commercial basis
until it has at least been proven.
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Na'23l Sc'ution

OIH Solution

__. Quality rRad'Drluclidic

control Lc h e m | c a ,

Adjust pH

I
Evaporate

1
Melt a! 180 C

1
O1231H

Quality f" Raciiochemici
control p Sterile

Activity concentration 1 mCf ml
OIH cof.lent 1 mg/mCi '^3 I
Specific aclivitv 1 rnCi'mg OIH
pH 7 to P

Specification of 0 123IH

f. 3

lodine-131 (commercial)

100 I I I -

lodine-131 (commercial)

TIME AFTER INJECTION, hr

(a)

0 1 2 3
TIME AFTER INJECTION, hr

fir 4 (*)M~iskmnmxlmnts.(ki Uifcv; dcanace to rate.
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Iodine-123 products are developed and evaluated to assure the sizeable
demand for 123I. High-energy heavy-ion accelerators are under construc-
tion for partial use in medical applications, especially in isotope production
(Fig. S). The high-energy proton accelerators in Japan are located as fol-
lows:

Institute for Physical and Chemical Research ring cyclotron, 184 MeV
Booster of the synchrocyclotron, 500 MeV
University of Tokyo, 52 MeV
University of Osaka, 70 MeV
National Institute of Radiological Sciences <NIRS), ~ 7 0 MeV
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For example, the Numatron at the Institute for Nuclear Study at the
University of Tokyo can accelerate nuclides thai have a mass number of
over 200 by a beam energy of from 10 MeV to several hundred million
electron volts. The ring cyclotron at the Institute of Physical and Chemical
Research was designed for similar purposes. Other projects are also pro-
gressing in several national universities such as Tsukuba University and
others.

Another short-lived radionuclide evaluated now is ths "Zn-^Cu gener-
ator system with a parent nuclide half-life of 9.1 hr and a daughter
nuclide half-life of 9.7 min. The Cu2+ ion forms stable chelate compounds,
so that combination with bifunctional chelating agents is considered hope-
ful. Besides 123I, bifunctional chelating agents are considered useful in
labeling biologically active substances (e.g., protein) with SLR's such as
99

KTS (ketoxal-bis-thiosemicarbazone), deferoxamine, and amico DTS
(dithiosemicarbazone) are the hopeful agents which are now intensively
studied for labeling human serum albumin, fibrinogen, and other molecules
with " r e , 67Ga, and "'in. This study is performed partly under the
grant-in-aid for the production of new drugs chaired by this author.
Several products showed satisfactory stable behavior compared to conven-
tional 131I labels.

Concerning the other SLR applications in Japan, four university hospi-
tals have recently entered into this activity. Until 1981, however, only
three medical institutions have actually been engaged in the preliminary
work of the very-short-lived radionuclides such as "C, I3N, and I8F.
Table 10 shows the last six years' experience in Japan. A total of 1178
cases were studied.

Table 11 is the breakdown of the examinations performed at the
National Institute of Radiological Sciences. Doses totaling 69S6 mCi were
given to 325 patients. Since the NIRS cyclotron is shared with the therapy
and other groups, the limitation of machine time prohibited extensive clini-
cal applications.

Table 12 summarizes other clinical trials in two city hospitals with
installed baby cyclotrons. Since this type of machine is dedicated 100% for
SLR production, more-eflicient utilization of radionuclides was possible in
a short time interval as represented by the 16,333 mCi used in the
National Chest Hospital in three years. Table 12 also contains details of
the number of cases examined in this hospital. Among 850 esses studied
in three years, 129 evaluations of "C-D-glucose were perforated for brain
study.
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TABLE 10

Production and Clinical Trials of Snort-Lived
Radioavclides (SLR's) in Japanese Hospitals

Skoft-UnJ rationclMt

" C O

"co2

"C-glucose
»N 2
l8F-NaF
'sF-2-nuoro-2'-D-glucose
"Fe-cilrate

1976 1977

Profactioi, aCi*

94

86

18

CltakalTriab, m

"CO
"co2

' 'C-glucose
" N ,
"F-NaF
"F-2-fluoro-2'-D-glucose
"Fc-citrate

5
6

2

367

356

541

155

Mkcrof

17

16

29
9

1*78

152
130

285

cuest

9

8

16

1979

326

180
471

22

19

23

1980

4808
2310
1191
794

4.9
0.6

176

112

122
40

i
4

1981

2424
5310
3843
1419

27

79

231
181
40

4

•Total of 25292.5 mCi. tTotal of 1178 cases.

TABLE 11

Production and Clinical Trials of Short-Uted Radionuclides (SLR's)

at the Natioul Institute of Radiological Sciences

Skort-!!n4 raaoaadMe

F
ml-Nal
i23I-hJppuralc
l23l-6-iodomethyl-l9-norcholesterol
l23l-rose bengal
"F-NaF
"Fc-citrate
" N 2

" C O ;
" C O
l8F-2-fluoro-2'-deoJiy-D-glucose

1976

'rofectio

1.3

18

86
94

1977

155

541

356
367

1978

28.4
41.1

285
130
152

1979

99.6

471

21

1980

127

4.2

0.6

794

1638
49

1981

21.2

699

750
27

i-hippurate
'"I-6-iodomethyl-l9-poicholesterol
m l - rose bengal
"F-NaF
"Fe-citrale
" N 2

" C O ;
"CO
18F-2-fluoro-2'-deoxy-D-glucose

2
6
5

9

29

16

17

•Total of 6956 mCi. tTotal of 325 cases.

14
7

16

8

9

16

23

1

21
2

4

40

23
8

11

16

13
4
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TABLE 12

Production and Clinical Trials of Short-lived
Radionoclides (SLR's) in Two Hospitals in Japan

SLR 1979 1980 1981 Total

Natiowl Che* Hwpta) Pro*cttea, a Q

" C O 305 3170 894» 4369
" C O 2 2310 4440 6750
"C-D-glucose 180 1191 704* 2075
"C-D-glucose 3139* 3139

16,333

Japu St«d Worts Meaorlai Hospital Pro*Ktlo«, a d

"CO 780* 780
" C O 2 870* 870
I 3N2 720 720

NitkMal Cheat Hospital OWcal Triab,
•••her of <

2,370

"CO 21 153 40 214
"CO2 112 202 314
"C-D-glucose 19 122 52 193
"C-D-glucose 129 129

850

J i f u Sted Works M M O T U I Hospital CIWoJ Triah,
•••her of ewes

"CO

"co2

26
29
24

26
29
24

~79

•Baby cyclotron.

This concludes the surVey of the current status of SLR applications in
Asia. Now more institutions are coming into this field, and it is expected
that applications of cyclotron-produced radionuclides and their labels will
become a real target of interest for nuclear medicine specialists. As dem-
onstrated by the example of li3I-iodomethyl norcholestcrol, 123I-labeled
compounds were shown to be more efficacious than l3lI-labeled products.



Short-Lived Radionuclide Production
Activities in Continental Europe
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ABSTRACT

This paper summarizes the information about the production of short-lived radionuclides on
medical cyclotrons in the European area. We have above all stressed the interest in typical
medical cyclotrons and other machines dedicated either full time, or partially, to producing
radionuclides for medical use. For example, we focus on the production of some specific
radionuclides that »*• muue for the preparation of radiophannaceuticals for medical, diagnos-
tic, and tracer st> c . We have therefore chosen to comment on those few short-lived
radionuclides that art currently in demand on a regular basis, e.g., I23I and "Rb and the
neutron-deficient positron-emitting radionuclides "C, "N, and "O. The isotope-production
data and rates mentioned arc based on information requested from more than SO European
cyclotron laboratories.

Ionizing radiation from radionuclides has long been used in medicine for
the purpose of therapy. On the other hand, the use of radionuclides in var-
ious chemical forms offers a unique and powerful tool for diagnosis. This
use of radionuclides is now dominating the field of medical applications
and forms the basis of nuclear medicine.

Rapid progress in the use of radionuclides in nuclear medicine has been
made in the last three decades. Radionuclides can be produced by neutron
irradiation in nuclear reactors or by charged-particle irradiation with
cyclotrons. Reactor-produced radionuclides still play the greatest role,
mainly in combination with isotope generators. The interest in cyclotron-
produced radionuclides in continental Europe is stressed in this paper.

METHODS AND MACHINES

The nuclear reactions induced with charged particles produce neutron-
deficient radionuclides, mostly resulting in product nuclides different from

86
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target nuclides. This implies that "carrier-free" high-specific-activity prod-
ucts can be prepared. With reactor neutron-capture reactions, i.e., (a,y),
this is impossible, except when the Szilard-Chalmers process is used. The
use of high-specific-activity cyclotron-produced radionuchdes, prepared in
conditions where no stable element was added as carrieT in the production
process or by labeling procedure, is preferred in nuclear medicine.
Radiopharmaceuticals labeled v/ith these radionuclides can be added to
biological systems without significantly changing the physiology of the
stable element or compound already present in the system. Another fact in
favor of cyclotron-produced over reactor-produced radionuclides is the pro-
duction of the short-lived radionuclides n C , 13N, I5O, and I8F which are
particularly useful for biomedical research. These "biological" radionu-
clides can only be produced by bombardment with charged particles.

Although the cyclotron came of age years before the first nuclear reac-
tor, only during the last three decades has this machine come within reach
of nonnuclear physics users. The reasons for this delay may be sought in
the somewhat more difficult techniques attached to the use of cyclotrons.
The second reason could be the fast expansion of high-energy physics in
the 1940's, which led to the development of cyclotrons in a very special
way. Since then the simplicity of cyclotron operation has greatly
improved.

T'he potential applications of accelerator-produced isotopes with a rela-
tively short half-life were first fully recognized in England. In 1955 at
Hammersmith Hospital in London, a cyclotron was installed exclusively
for medical application. From the beginning this group used their machine
not only for isotope production but also for in vivo and in vitro neutron
and charged-particle activation analysis and for radiotherapy with fast
neutrons. For this type of accelerator, the term "clinical cyclotron" was
chosen, to signify that it is housed within a hospital and therefore directly
serves one or more clinics. In 1965 a second cyclotron for medical purposes
was installed in the United States, at the Mallinckrodt Institute at Wash-
ington University in St. Louis, Mo.

In the late 1950's and early 1960's, much development was put into
isochronous cyclotrons, with the result that smaller magnets could be used
for a given energy and hence more-compact cyclotrons constructed. A
number of commercial organizations began compact or medical cyclotron
development projects in the 1960's such as Philips (Holland), Allgemeine
Elektrizitats-Gesellschaft (AEG, West Germany), Thompson-Houston,
later Compagnie Gen6rale de Radiologie (CGR-MeV, France), Scandi-
tronix Instrument AB (Sweden), and The Cyclotron Corporation (TCC,
United States). Philips and AEG stopped manufacturing cyclotrons after
delivering several larger and compact machines. One of the AEG compact
cyclotrons was installed in Heidelberg at the German Cancer Research
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Center. The first beam on the target was in 1972, and the cyclotron has
been used for radionuclide production and preparatory work for neutron
therapy. CGR-MeV and Scanditronix redesigned their machines, and some
of these cyclotrons were installed and are operating successfully. Thus
from the late 1960's all new cyclotrons have been isochronous. In compari-
son with the large machines such as the Hammersmith Hospital cyclotron,
they have some limitations. Because of the precise focusing of the ions,
the cross section of the beams in the accelerator is very small, resulting in
high power densities in the beam. Extraction of ions for external beams is
limited by the power dissipation on the extraction system; therefore the
external beams of these machines are considerably smaller than is declared
by the manufacturer.

Ini-srost in the medical applications of cyclotrons has increased steadily
over the past few years. Now six clinical cyclotrons are in operation in
Europ-s, and a further nine are known to be on order or authorized. From
the purely economical point of view, the local production of radionuclides
win always cost more than the import from large suppliers, but users are
then independent of the transportation and other problems. It is also essen-
tial to have sufficient ancillary services, such as mechanical and electronic
workshops for maintenance and target construction, health physics, analyt-
ical services, and well-equipped radiochemical laboratories. However, non-
commercial radionuclide production, although very Important, does not in
itself justify the construction and operation of the cyclotron. This function
can only be a part of an integral research, development, and application
program. The multipurpose use of the cyclotron is typical and is the actual
situation in many research centers.

The number of accelerators in Europe, especially cyclotrons dedicated
to medical work and radionuclide production, has increased rapidly during
the last two decades. A clear distinction should be made between the dif-
ferent types and capabilities of these machines. On the basis of an impor-
tant source, i.e., the reference work of J. A. Martin (1979), and owing to
our previous contacts in the field of radionuclide production, we prepared
a questionnaire which was sent to all European institutions which have a
medical cyclotron in operation or which use a physical cyclotron to pro-
duce a portion of radionucJides for medical application.

The responses to this questionnaire provided valuable information
about the cyclotron parameters used, the irradiation conditions, the pro-
duction data, and the diversity of radionuclides produced. In this way we
obtained a good survey of radionuclide production for medical application
in Europe. Out of 25 institutions using the cyclotron in part or fuli-time
for radionuclide production, 21 answered the questionnaire. Regrettably,
only two answers were received from eastern Europe.
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The locations of production cyclotrons are shown in Table 1. In
Europe different types of cyclotrons, with a wide range of fixed and vari-
able energy, types of particles, and beam current are utilized for research
or routine production of radionuclides and even for neutron therapy. Some
accelerators used partially for radionuclide production are machines origi-
nally designed for physical research. In some cases attempts have been
made to improve these accelerators for radionuclide production in order to
have higher beam current, extractable beams, etc. It must be said that
important modifications of these machines present many problems, and tte
dismantling and reassembling of some of these "inherited" accelerators is
not recommended.

A survey of radionuclide producing centers was undertaken. Several
examples selected from this survey are listed in Table 2 to depict the
demand for and the development of radionuclide production for medical
purposes in recent years in Europe.

The development in application and production of radionuclides has
had a remarkable influence on the development and construction of cyclo-
trons. Radionuclide production machines can be subdivided into four
groups:

1. Physical cyclotrons that have only a variable proportion of the irra-
diation time dedicated to radionuclide production (i.e., noncommercial or
NONCOM). Radionuclide production shares the irradiation time with the
users from other scientific fields. This can give rise to some problems. Pro-
duction is particularly irregular and the product is used locally.

2. Cyclotrons producing radionuclides on a commercial basis (i.e.,
commercial cr COM). Essentially only thres centers are producing
radionuclides on a commercial basis. All are using "old" physical
machines. The production is strictly regular and on a regional basis.
Mainly they produce two radionuclides, 123I and 8lRb. The production of
these two radionuclides is enormous in comparison to other radionuclides
produced or in comparison to the production of these two radionuclides by
noncommercial producers.

3. Biomedical cyclotrons. At this time eight cyclotrons in Europe are
exclusively dedicated to biomedical applications in radiation biology, neu-
tron therapy, and radionuclide production. Each of these machines has a
special medical or biological program, e.g., radionuclide production of
short-lived emitters, especially in institutions where positron emission
tomography (PET) is available or being planned.

4. Proposed new medical cyclotrons. With one exception (at Pisa,
Italy), all other machines have been planned for the production of a wide
range of radionuclides and will require a higher energy beam (about
40 MeV). For example, a new TCC machine (CP-42) dedicated only to
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TABLE 1

European Cyclotrons Producing Radionuclides

Location «ad hntitrfoa

Belgium
Liege, Liege State University

Ghent, Ghent State University

Leuven, Catholic University of Leuveo

Netherlands
Eindhoven, University of Technology

Amsterdam, Free University

Groningen, Nuclear
Physics Accelerator Institute

Le Petten, Cyclotron
and Isotope Laboratory

France
Orsay, CEA, Service Hospitalier

Frederic Joliot
Orleans, Centre National

de la Recherche Scientifique
Grenoble, Institut

des Sciences NucMaires

Italy
Milan, University of

Milan
Pisa, Institute of Physics

Laboratory, National Research
Council

Denmark
Copenhagen, Niels

Bohr Institute

Norway
Oslo, Physics Institute,

University of Oslo

Type of
n4k>MclMe
production*

NONCOM,
BIOMEO

NONCOM,
BIOMED

NONCOM

NONCOM

NONCOM

NONCOM

COM

NONCOM,
BIOMED

NONCOM

NONCOM

NONCOM

NONCOM,
BIOMED

NONCOM

NONCOM

Tnteof
micMK,

lint bent <*
tirgtt, yetr

CGRt-MeV 520
1975
CGR-MeV 520

977
CGR-MeV 930
1973

Philips AVF
1963
Philips AVF
1965
Philips AVF
1970
PhUips AVF
1966

CGR-MeV 520
1973
CGR-MeV 680
1974
CGR-MeV
1968

AVF variable
1965
CGR-MeV 325
1981

Classical
cyclotron

1938

Scanditronix
MC-35
I97S

Mntann
protoa
eaergy,
MeV

22

24

80

30
Variable

30

65

30

24

33

60

45

15

35
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TABLE t (Continued)

Location and institution

West Germany
Essen, University Clinic

Hannover, Medizinische
Hochschule

Heidelberg, German
Cancer Research Centre,
Nuclear Medicine Institute

Jtilich I,
Nuclear Research Centre (KFA),
Institute of Nuclear Physics (IFK)

Jtilich II, Nuclear
Research Centre (KFA), Institute
of Nuclear Physics (IFK)

Karlsruhe I,
Karlsruhe Nucltdr Research
Centre (IFK II)

Karlsruhe II,
Karlsruhe Nuclear Research
Centre

Braunschweig, Federal
Physical-Technical
Establishment

East Germany
Dresden, Central

Nuclear Research
Institute

Finland
Abo, Abo Akademy

Accelerator Laboratory

Sweden
Uppsala, GusUf Werner

Institute, Uppsala
University

Switzerland
Villigen, Swiss Institute

for Nuclear
Research (SIN)

Type of
radionuclide
production*

NONCOM,
BIOMED

NONCOM,
BIOMED

NONCOM,
BIOMED

NONCOM

NONCOM,
BIOMED

COM

COM

NONCOM,
BIOMED

NONCOM

NONCOM

NONCOM

COM

Type of
machine,

first beam on
target, year

TCC* CV-28
>975
Scanditronixg
MC-36
1976
AEG! NV Compact
1972

"JULIC"
1969

TCC CV-28

AEGNV
1962

T C C C P - 4 2 ( r O
1982

TCC CV-28
1975

NIEEFAU-120
1958

MGT-20 (USSR)
1978

Classical
cyclotron

Philips special
1973

Maximicn
proton
energy,
MeV

24

30

22

45

24

26

42

24

41

19

40

72

(Table continues on next page.)
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TABLE 1 (CMtiaaed)

Location and institution

USSR
Moscow, Joint Nuclear

Research Institute
(JINR), Dubna

United Kingdom
Edinburgh, Western

General Hospital
Medical Research
Council (MRC)

London, H?.mmersmj*h
Hospitil (MRC)

Amershum, Radiochemicsi
Centre, Ltd.

Harwell, U. K. Atomic
Energy Research
Establishment (AERE)

Type of
radfoMcHde
production*

NONCOM

NONCOM,
BIOMED

NONCOM,
BIOMED

COM

COM

Type of
machine,

first bean OB
target, year

High-energy proton
1968

TCC CS-30
1977

Classical 45 in.
1955
Classical
1965
Classical
1966

Maximum
proton
'•ergy.
MeV

700

27

8

27

59

•NONCOM, noncommercial radionuclide production; mostly nuclear physics machines
used partly for radionuclide production. COM, commercial radionuclide production.
BIOMED, biomedical cyclotron.

fCGR, Compagnic Generate de Radiologie SA, France.
tTCC, The Cyclotron Corporation, California.
§Scanditronix Instrument AB, Sweden.
lAllgemeine Elektrizitats-Gesellschaft, West Germany.

radionuclide production will be installed in Karlsruhe (West Germany) as
a second machine.

EXPERIMENTAL

As examples of the most frequently produced radionuclides, we have
chosen m I , 8lRb, and "C (Table 2). From the questionnaire and other
sources, roughly estimated production amounts for I23I and for 81Rb are
30 Ci/month and 10 Ci/month, respectively. Response to the question-
naire indicates that the demand for and production of these radionuclides
is dominant and far exceeds the production of other radionuclides, with the
exception of higher production figures for short-livsd positron emitters.
The others have, practically, only local importance and local use.



TABLE 2

Examples of the Production of Short-Lived Radtonuclides
for Medical Use in Europe as of 1981

Location

IllMJUWM tMWt W/WCCk

RafloMdMe

Total (RNP)

RaOtmdMe pwiKtiea (RNP), wd/mMtk

113,
Other t r i k cM

"C ; (fatarc)

Belgium
Liege

Ghent
Louvain-la-Neuve

Netherlands
Eindhoven
Amsterdam
Grooingea
Petten

France
Orsay

Orleans
Grenoble

60

60
140

45
35

126
75

30

31
100

40

30
14

5
5

12
70

30

3
4

1,500

700

250 2,000
300 200

1,000 100

750 73Se, 38K, "SraAu,

1,600 ^ N ; 38K; ( I5O)
No information given

87Y, s2Fe; (18F, 1 SO,'
400 ( I 8F)

10,000 " N , 75Br, 55Co; l sO,77Br, 76Br
No information given

Routine ISO I8F ^Ge; 7SBr, 76Br, MCu,
13N, "Ne, ^Ru; (123I)

15Q. 201̂ 1 16'Er* (*'C *8F)

No information given

(Table continues on next page.)
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Location Total (RNP)

Radio—cMe proiKtUm (SNP\ •Cl/woirtfc

Otkcri
123! « l R b imptw; ((Wan)

Weat Germany
Essen
Hannover
Heidelberg

JUIichl

JUIich II

Karlsruhe 1

Karlsruhe II

Braunschweig

East Germany

Dresden (DOR)

20
20
50

140

72

160

4

10

40

12

(6

500

160
SO

200

500
24,000

8,000

Nonregular radionucUde
production

5,000 1,200

I 8F; (15O)
2fgj,(lsF, "N, 1!3I)
" N . " F . 77Br; w Gc, U l l ;

( " 0 , 75Br)

I 2 3I , MMg, MBr, 77Br

' » ! , " C , ^Cr, 18F, 77B

Various in small amounts
(M'T7. "Ge, "F)

New machine installed in late fall 1982
Cyclotron used only for neutron therapy; RNP in future possible

110 35 100 180 85Sr, "Q% 3 l lAt; ( I 8F. " C ,
"'In)



Italy
Milan

Pisa
Denmark

Copenhagen (DK)

Sweden
Uppsala

Finland
Abo

Norway
Oslo

Switzerland
Viliigen

USSR
Moscow

60

40

160

35

80

150

15

20

8

10

2

20

No information given

530

3,000

40 2,000

200

14,000 4,000

81Rb, «aI,» lTl1
J |»V,'"As.

""Cd, 197Hg, ^'Pb, a0*Bi
( l lC, l l N , l5O)

IS3I, "F,. '"in, "Zn, 67Cu;
"C, 13N, "O

"N, 15O, 18F

201-ĵ . /i8p l l l i n l?'^Xc)

I23I, 52Fe, 2 l lAt

'This information •nm compiled from the litersture (Silvester and Waters, 1979; Servian, 197$) and from
questionnaires and persona) communications; it may not be complete or accurate in all aspects.
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Na'23l Sc'ution

OIH Solution

__. Quality rRad'Drluclidic

control Lc h e m | c a ,

Adjust pH

I
Evaporate

1
Melt a! 180 C

1
O1231H

Quality f" Raciiochemici
control p Sterile

Activity concentration 1 mCf ml
OIH cof.lent 1 mg/mCi '^3 I
Specific aclivitv 1 rnCi'mg OIH
pH 7 to P

Specification of 0 123IH

f. 3

lodine-131 (commercial)

100 I I I -

lodine-131 (commercial)

TIME AFTER INJECTION, hr

(a)

0 1 2 3
TIME AFTER INJECTION, hr

fir 4 (*)M~iskmnmxlmnts.(ki Uifcv; dcanace to rate.
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system used for a number of years for the production of 18F has been suc-
cessfully modified for the production of 81Rb. The present design of a
remotely controlled target system represents a synthesis and a simplifica-
tion of previously described target systems. Precooled helium gas is used as
the cooling medium for a double foil system (average, 6 .um). Irradiated
krypton target gas is cooled in a loop and used for cooling of the internal
foil. This enables bombardment with a beam current of up to 25 pamp-hr.
By mechanical rotation of a quartz liner, which is inside a cylindrical
stainless-steel vessel, the inner surface of the liner is washed by a solvent,
in this case with sterile water. The solvent is automatically removed after
the irradiation and injected onto the cation-exchange resin of the genera-
tor. An overall radiochemical extraction of >80% has been achieved. At
present 100 mCi is produced per batch, twice a week. The maximum
yield in these conditions is about 220 mCi of 81Rb per batch. The produc-
tion rate is 3 mCi/pamp-hr. All "Rb production procedures used in
Europe (by members of the Krypton Club) are based on these techniques
and vary only in details.

The second example is the routine production of I23I. A large number
of production methods for I23I have been reported by Sodd et al., (1970),
md it has been recognized that the l24Te(p,2n)IBI reaction represents the
most favorable among direct production methods feasible with a compact
cyclotron (Ep, 22 MeV). High-energy proton cyclotrons use with advan-
tage the l27I(p,5n)l23I reaction.

In Heidelberg 123I production on a routine basis started in 1976. Twice
weekly the preparation of I23I is achieved by the bombardment of
enriched-12+TeO2 targets with 21-MeV protons. Many laboratories have
studied the excitation functions for both l24Te(p,2n)123I and the
l24Te(p,n)124I reactions. The latter reaction produces the principal contam-
inant limiting the useful time of application for 123I. Lambrecht and co-
workers have determined (Lambrecht et al., 1978; Kondo, Lambrecht, and
Wolf, 1977) that the production rates for >23I, using highly enriched
materials, are optimal within the energy range of 20 to 30 MeV. However,
the energy limitation of our cyclotron precludes the use of favored condi-
tions, and, unfortunately, we are compelled to work in the energy region
when the yield for the (p,n) reaction is strongly increasing and the (p,2n)
reaction has exceeded its maximum yield. Under these conditions the pro-
duction of 123I exhibits a strong dependency on target thickness, which
may cause substantial discrepancies in the l24I-to-123I yield ratio. This is
more. strongly the case when thin targets are used and only 1.0 to
l.S MeV of incident energy is lost

It is very important, therefore, for routine production with good yields
and reasonable purity, to strictly control the .following experimental
parameters:
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1. The dry distillation of ml from the molten TcO2 at 760 to 780°C is
always accompanied by a significant loss of enriched material, which
quantitatively depends un separation time, temperature, sleeping gas flow,
and TeO2 surface area. Separation is done in a quartz sublimation
apparatus shown in Fig. 2; part (a) represents the old conventional system
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and part (b) the system used for the last two years. To suppress the vola-
tilization of TeO2 during sublimation and to ensure the best uniformity in
target thickness, we heat the irradiation target with a high-frequency
induction oven. Loss of target material is considerably reduced by the
short separation time (old system, IS min.; new system, 20 sec).

2. The optimum target thickness plays a very important role. It is asso-
ciated with a low 124I contamination and at the same time represents the
minimum amount of TeO2 suitable for the best target-thickness unifor-
mity. The target material first chosen was the conventionally used l24TeO2,
enriched to 96.24% l24Te, supplied from Oak Ridge National Laboratory.
In a large number of experiments, we found (1) that with a maximum
energy of 21 MeV, a high enrichment does not reduce I24I contamination
significantly and (2) that yields of I23I are essentially unchanged in com-
parison with target materials with a lower enrichment. Highly enriched
124TcO2 seems to be important only at high proton energies, and with thick
targets, for enhanced I23I activity with low I24I contamination.

The yield of 123I per batch after chemistry is 38 to 45 mOi, which
corresponds to the production Tate of 4.0 to 4.5 mCi//iamp-hr. The prod-
uct is contaminated with 1.0 to 1.2% of I24I at end of bombardment
(EOB) and must be prepared and used within 28 hr from EOB.

The Heidelberg compact cyclotron is a typical medical cyclotron. The
research program is focused on cancer research, and the scope of this pro-
gram utilizing the cyclotron is broad. Aside from projects of radiation biol-
ogy and neutron therapy, the irradiation time used for radionuclide
production is 70%. Production is divided into three primary objectives:

1. Batch routine production of intermediate nuclides I23I, 8lRb, 77Br,
etc.; radionuclide production for 1978 is listed in Table 3.

2. On-line production for research work of short-lived positron emitters
"C,13N,15O, and18F.

3. Research and development for future applications. The cyclotron
operates ~ 5 0 hr/week.

The projected purchase of a positron-imaging device in the near future
has influenced the radionuclide production program for our cyclotron. In
the past two years, a remarkable increase in the production of the short-
lived positron emitters has been seen. This has an impact on the irradia-
tion time. Because of the limitation in the charged-partiele energy, the
intermediate radionuclides need more irradiation time than they need in
cyclotrons with higher energy. It was our objective to improve the beam
current on target to compensate for the deficit in the lower beam energy.
However, increasing the beam current is limited by the property of the tar-
get material, cooling conditions, construction of the target, and foils used.
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TABLE 3

Iddine-123
Rubidium-81
Fluorine-18
Iodine-121

Cubon-11
Nitrogen-13
Oxyfen-15
Sodium-21

Copper-61
Bromioe-77
Zinc-62

HeWeftcrg CycMroa

Am
197»

941
185

3,911
166

8,660
1,660

140
30

46

5

1979

1,728
1,076
1,364

114

1,920
420
265

1,370

22
23
6

19M

1,694
' 1,591

2,087

7,953
5,288

2,004

11
: 29

14

1901

1,821
2,133
1,692

136

51,469
28,431

54
7

•Smtll amoulti of the following ndionuclidei have ibo been
prndtced for different projects: ""Tl, lw"Hg, ""CI, **Ge, "*n,
'""Hg^Zn, MGt, W RB, and "Se.

After ten years of work on the compact machine and after development of
many production methods, we are really not satisfied with the sometimes
so-called optimal 22-MeV proton energy. It is a well-known fact that the
most important production processes are the (p,2n) reactions. Examples
include the production of such important radionuclides as 123I, 8lRb, '"In,
**Ge, 77Br, etc. At the 22-MeV proton energy, the cross sections of these
reactions are exploited only at the beginning of the cross-section curves. In
general, for intermediate-lived radionuclides (i.s., for half-lives between 10
and 100 hr), the production, rates from (p,2n) and (p,3n) reactions for
40-MeV protons are about four times as great as for 22-MeV protons. The
higher particle energy provides higher yields for the (p,2n) and (p,3n)
reactions, whereas the reaction thresholds are generally above IS MeV.
This fact is shown in Table 4. The same situation holds for the (a,xn)
reactions. The (a,2n) reactions are very important for the production, but,
for all usable production processes, the reaction thresholds are above
18 MeV, and yields corresponding to the energy range from 18 to
22 MeV are too low to be used in routine work. These facts and the diffi-
culties with the low extraction rate by the compact cyclotrons result in a
trend to the more powerful machines. The decision concerning which
radionuclides should be produced and which type of cyclotron should be
installed depends only on the ultimate program of the institution.
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TABLE 4

Yields of Some Importut Radionuclides Produced on Cyclotron
at DtfTereat Energies of Protons and Alpka Particles

NKlMe

"C
I 3 N

150
123,
8IRb
77flr

68Ge
'"In

67Ga

Half-Hit

20.3 min
9.9 min
2.0 min

13.2 hr
4.7 hr

57.0 hr

287.0 days
2.8 days

78.0 hr
73.5 hr

Nadear
reactioa

MN(p,a)
l6O(p,a)
l4N(d,n)
1MTe(p,2n)
82Kr(p.2n)
78Se(p,2n)
79BKp,3n)
75As(a,2n)

«'Ga(p,2n)
ll2Cd(p,2n)
l0»Ag(a,2n)

MeV

-2.9 1

+ 5.1 j

-11 .4
-14 .0
-12 .6
-22 .8
-13.5

-11 .5
-11 .0
-14 .0

-12 .0
-17 .7

YkM, ma/w+r

At 21 MtV

•

4 to 5
3 to 5
0.6

0.04

0.01
0.70
0.02

0.02
0.05

At 40 MeV

*

40
20

2.4
1.6
0.3

0.22
4.0
0.5

0.4
1.0

'There are no remarkable differences in the yield figures for light positron
emitters at 21 and 40 MeV.

CONCLUSION

To satisfy both the positron-emitters research program and the delivery
of intermediate radionuclides for clinical local application, we have decided
to make a proposal for a more powerful machine. Cyclotrons currently
available are listed in Table 5; from these we have chosen the ciultiparticle
machine MC-40 from Scanditronix with 40-MeV proton energy.
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TABLE 5

Commercially Available Cyclotrons, Design Data, and Prices

Cydotroa

Type tat MUMfactarer*

United States
CS-15 TCC
CV-28 TCC
CS-30 TCC
CV-46 TCC
CP-42 TCC

France
325 CGR-MeV
520 CGR-MeV
560 CGR-MeV
930 CGR-MeV
930 CGR-MeV

Sweden
MC-20 Scanditronh
MC-35 Scanditronix
MC-40 Scanditronix
MC-50 Scanditronix

Muln—i iintna
eaeny,
MeV

15

27
40
42

In development
24
40
70
95

20
35
40
50

Tesiakal data

Estenal
radtaa,

35
41
42
53
53

52
56
92
93

39
50
50
57

Average
•afMtk
field, kG

16.5
17.5
17.5
18.0

-

14.0
16.5
14.0
16.0

17.1
17.2
17.8
17.5

Weifkt,
toes

15
23
26
45
45

30
60

210
210

21
60
60
95

Electric
capacity,

kW

80

no
no
260
260

100
250
460
640

ISO
200
300
350

Price (lew periphery)

X 10* DM

-
-
-

3.20
-

3.10
3.60
9.00

10.00

_
_

3.20
3.90

X 10*$

0.65
0.90
0.85

-
1.95

_
_
_
-

0.55
1.90
_
-

Start-

^>year

1976
1973
1974
1980
1979

1978
1979
1978
1980

1968
1973<
1979
1980

•TCC, The Cyclotron Corporation; CGR-MeV, Compagnie Genirale de Radiologic; Scanditronix Instrument AB.
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Short-Lived Medical Isotopes at Harwell

J. G. CUNINGHAME, Ph.D.
Chemistry Division, Atomic Energy Research Establishment, Harwell, Didcot, England

ABSTRACT

This paper describes the small program of medical isotope commercial production and
research and development on the Harwell Variable Energy Cyclotron. Because of its complex-
ity, this nuclear research machine is extremely expensive to run, and to the program must be
restricted to those isotopes which cannot be more cheaply produced elsewhere in the United
Kingdom. At present these are l a I (in full commercial production), the "s"Hg-*"s"Au gen-
erator (about to go into commercial production), and J"At (under development).

Iodine-123 is produced once or twice a week at a Sevel of 300 to 400 mCi per batch and is
sold to an average of —30 customers all over the United Kingdom and Europe. The gold gen-
erator is being developed for first-pass heart angiography and is undergoing clinical trials at
three U. K. hospitals. A research program in conjunction with the U. K. Medical Research
Council is directed to the labeling of monoclonal antibodies with 21IAt u a possible agent for
cancer therapy.

Harwell does not attempt to be any more than a peripheral supplier of iso-
topes of interest to this symposium. Such work as we do is conducted by a
small group of people who work on the Harwell Variable Energy Cyclo-
tron (VEC) and who do the medical isotope work as a part-time activity;
the effort, made up of contributions from these people plus those of a large
number of "volunteer" chemists who help in the !23I production, only adds
up to a total of about two professionals and one production worker alto-
gether.

A further serious constraint is put onto our activities in this field by
the cyclotron itself. It is an excellent machine as the partial list of beams
available in Table 1 shows, but it was designed for fundamental research.
The great flexibility and heavy-ion capability deliberately built into it for
that purpose means that it is very expensive; for isotope production we pay

104
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TABLE!

Partial List of Beams Arailabfc at
Harwell Variable Energy Cyclotron (VEQ

105

lM

•H+

2H+

3 He T - 2 +

4 He + J +

12£2+ I06+

1*Q}+»»+

K N e 6 +

S«Ni4+ 10 10+

« N b 6 + u . 9 +
1 B Xe 8 + »" +

Eano raagt.
MeV

2 to 60
4 to 42
4 to 85
4 to 86

7 to 179
21 to 193
98 to 141
13 to 148

16 to 75
33 to 81

MaxiaMB extracted
keaaoBtaixH,

Itk electrical

50
50
20
50

30 — 0.2
10 — 2
1

15 — 0.!

1 —0.2
0.2

Of. 1 Harwd VariaUe Eaerjy Cydotraa (VEQ, catawa;? rtew of vaHt, thaw-
lac cjrdotraa tat keaa trmyorl tyiteat.

£214/hr, to which must be added various overheads that considerably
increase this cost. The general layout of the machine is shown in Fig. 1.

The bulk of this paper describes OUT work on thTee medical isotopes
(Table 2). The first, 123I, is in full-scale pioduction. The second, the
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TABLE 2

Medical Isotopes in Current Production at
Harwell Variable Energy Cyclotron (VEC)

Prcdoctio*
Isotope Half-life freyKKy Status

12JI 13.2 hr Twice weekly In commercial
production

"Sl"K4,-"Sl"Au 40 hr to 30.5 sec Two generators Clinical trials
in one batch every in progress
2 weeks approximately

2 "At 7.2 hr —1 mCi every 2 weeks Research into
monoclonal
antibodies at
one Medical
Research Council
laboratory (may
soon be two)

195mHg-*l95mAu generator, is at the clinical trial stage and, if these are
successful, should be in production in a few months' time. The third, 2l lAt,
is being made on a fairly regular basis for our colleagues in the Medical
Research Council who are investigating its properties when attached to
monoclonal antibodies; this isotope is thus some distance from commercial
production.

IODINE-123

Irradiation and Processing

Because we have 60-MeV protons available with an extracted beam
current of up to 50 fiA, we decided to use the l27I(p,5n)l23Xe-*123I reac-
tion. Figure 2 shows the nuclide chart around this region.

Because the direct product is a noble gas, it seemed to us that a liquid
target, as suggested by Lindner et al. (1973), would make the separation
of target from product easy. The problem was to choose a liquid with high
density so as to maximize yield; we use CH2I2 with natural iodine dis-
solved in it (density, 5.6 g/ml). It is extremely corrosive.

Chemical processing consists merely of washing out the 123I grown
from the l23Xe trapped m a nitrogen trap with 0.043/ NaOH, and then
analyzing, dispensing, and autoclaving. All operations are under apyro-
genie conditions.
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TABLE 3

Ioifae-123 PUJJBCIJM Details

Reaction
Target material
Beam

Currei.l uaed
Duration of &*distion
Overall yietd (iadndei processing)
Size of typical batch

At optimum '"I growth
At calibration time

Unite! Kingdom
European

Neutron flax t m from target (30-MA current)
Gamma fliui 1 m from target (30-MA current)
Radionuciidic purity

iaI (p,3n) l aXe — IJ3I
CHA + '"I (density, 3.6 g/ml)
60-MeV 'H+ ( - 1 0 MeV abnrbed

in target material)
39 to 40 MA
4 t o 6 h r
- S m O d A ' l i r '

900 mO

450 mQ
200 m a
~ 10s neutroai cm"2 aec'1

SOOndi/hr
Only contaminant is i a I - <0.2%

by activity at U. K.
calibration time

The whole of the irradiation and processing has been adequately docu-
mented (Cuninghame et al., 1976, 1978; Bett et al., 1980). Some of the
more important production details are shown in Table 3.

Piping 123Xe Gas Direct to the Processing Laboratory

At present we trap the m X e in the target room, and the traps sit in a
wheeled, lead pot that is transported to the laboratory at the end of the
irradiation. We have carried out tests in which the I23Xe was piped direct
from the target to traps situated in the laboratory via a 3-mm-ID
polyethylene tube running inside two concentric larger tubes; the tubes are
50 m long. This experiment proved entirely satisfactory, and we may adopt
this procedure in the future. The work has been reported by Beit, Clegg,
and Cuninghame (1979). Table 4 summarizes some-of the more important
parameters for this work.

Quality Control

Quality-control staff members check the processing as it is taking place
to ensure that it is being conducted in accordance with our license and, in
particular, that nothing is being done which increases the risk of pyrogen
contamination.

Tests of chemicals used, dispensing accuracy, and radionuciidic purity
are carried out during processing and before despatch. Figure 3 shows
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TABLE 4

Pipiag of Xeaoa-123 ia a Helium Carrier Gas Stream

Distance piped SO m
Pipe used 3-mm ID polyethylene
Protection Two larger concentric pipes
Gas flow rate 80 ml/min
Transport time ~ 3 rain

Decay of xenon-123 in pipe ~2%
Ratio of inlet pressure

to outlet pressure —1.01
Radiation level in contact

with 3-mm pipe at outlet 65 inrads/hr at 25 <iA proportional
to beam current

photon emission spectra of the 123I, both fresh and aged; only peaks from
I23I and 125I are seen.

Radiochemical purity is tested by thin-layer paper chromatography on
the morning of despatch and while the packages are in transit.

Testing for chemical purity, sterility, and pyrogenicity is done subse-
quent to use. We have never failed any of the tests. Figure 4 shows results
of pyrogen tests (temperature rise in three rabbits) over a period.

Our quality-control procedures have been reported (Winter, 1980). It
is worthwhile to note that we have now completed nearly 200 production
batches and have failed to meet our specification on only one or two occa-
sions when, in early days, we had several batches which contained the
polyiodide I3~; this problem was quickly overcome.

Packaging, Documentation, and Despatch

Packaging is extremely tedious since the full panoply of the IAEA
regulations has to be applied. We find that the average time needed to
package one order, make the necessary measurements of transport index,
etc., and fill in all forms (different for road, rail, and air, needless to say!)
is about 6 min/package, and this is in spite of pre-preparation of the docu-
ments to the greatest extent possible.

Transport is by cars either directly to nearby hospitals or to main rail-
way stations or London Airport. It is absolutely vital to have a close work-
ing understanding with all levels of transport people and customs officials
if serious losses, caused by packages' missing aircraft or trains, by incom-
petence, or by sheer bloody-mindedness, are to be avoided. On occasion the
fact that the Harwell car drivers delivering to the stations or airport tend
to be brawny men who stand no nonsense has helped to change a negative
attitude. We do, in general, have a good understanding, but it took consid-



11C CUNiNGHAME

5000

1000
500

100

50

8

zr-2

275

159

100 200 600 800
ENERGY, keV

(a)

1000 1200

10'

200 400 600 800
ENERGY. keV

(b)

1000 1200

FIf. 3 Mfct-123 ftotw cakaiua apcctra, (») 3 k iftet i
««•«•<») ~11 i*j*alter»••»• lifct wyretf—.



SHORT-LIVED MEDICAL ISOTOPES AT HARWELL 111

20-

I§
Z 3

O

o

Retest Fail

—I I r—i

1.0 1.5 2.0 2.5
TEMPERATURE RISE OF THREE RABBITS, °C

3.0

f i t . 4 PyntfCB test rescits.

erable effort to achieve it. The concept of serious and perhaps irrecovera-
ble loss is easily perceived in the case of, say, a dcnor heart for a trans-
plant, but much less so for an isotope; no one. outside the field can under-
stand half-iife!

Pricing formula

Figure 5 shows OUT widespread U. K. distribution. Table 5 and Fig. 6
give information about our pricing, sales, and despatch. We calculate

TABLES

Iodine-123 Commercial Statistics for Year Ended April 1982

Average number of customers per Tuesday batch
Average amount sold per Tuesday batch

(at calibration time)
Amount sold per Sunday batch

(at calibration time, one customer only)

Selling price
United Kingdom
Overseas

Packaging and transport costs per package
U. K.road
V. K. rail
U. K. air
Overseas air

28

250 m a

400 mCi

fl2.4O/mCi
Calculated from formula*

£13 to £43
£22
£H
£$t

'Based on 2 [Fixed costs + (costs/millicurie)], dependent on time.
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our I23I price for customers outside the United Kingdom by the following
formula:

p = 8.4 +
1930-3.7a

where P = price (£) for q millicuries in one via! at t
t — number of hours from separation to calibration
n = total number of vials in batch

2q = total number of millicuries ordered in batch

Note that the formula applies correction for I23I decay only to the product
itself and not to fixed costs.
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Pricing Examples*

Time from Price per Simple
separation, hr millicurie, £ exponential

24
36
48
60

12.5
17.5
26.8
44.2

30.0
56.3

105.7
198.5

*For 10 mCi in one vial when 300
mCi in 30 vials in a batch is ordered.

Uses of Iodine-123

Summarized in Table 6 is the information we have collected about the
way our customers use iodine-123.

TABLE 6

Usage of Harwell-Produced Iodine-123*

OrjM By •ctirity, % By patiart — t u i , %

Kidney (Hippuran) 60 40
Thyroid (Nal) ~40 ~40
Other (liver, heart, etc.) <5 <5

•It is quite possible that work at present being carried out in
a collaboration between ourselves and some customers may
change the above distribution; particular points of interest are:

mI-labeled fatty acids Heart imaging
'"I-labeled monoclonal antibodies Tumor localization
'"•-labeled noradrenalin analogues Adrenal imaging
'"[-labeled sulfonamides Red blood cells

THE 19BmHg-*19BmAu GENERATOR

Purpose of the Generator

First-pass radionuclide angiography of the heart is a powerful imaging
technique which if comparatively nontraumatic for the patient and which
can rapidly provide valuable information on left heart hacmodynamics.
Technetium-99m in earlier work (Dymond et al., 1979), has usually been
title nuclide injected, but its long half-life (6 hr) seriously restricts its use
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TABLE 7

Irradiation of GoM-197 to Produce Mercnry-195m

Reaction
Cross section
Targe!

Yield
Irradiation

Radionuciidic purity

Product
Principal radiations of "!*Au

"7Au(p,3n)"s"Hg at 34 MeV
- 9 0 0 mb at 25 to 30 MeV (ALICE code)
0.5 mm of gold metal, helium cooled

( ~ 8 MeV absorbed)
—4.6 mCi/Mamp-hr at end of bombardment
10 to 20 MA for ~ 4 hr
m - H g (—3.5% by activity at end of

bombardment) is the only significant
contaminant. It decays to stable 197Au.

"*"Hg (Tn, 40 hr) — "!"Au (T», 30.5 sec)
47% of 1M"Hg decays to '""Au

(50% decays by isomeric transition to
1M«Hg). Most of the 1M-Au decays
through a 261.7-keV gamma ray.

TABLE 8

Preparation of l9S"Hg-»W5"Ao Generator

Separation of mercury from target

Adsorption of mercury on column

1. Dissolve in aqua regia
+ 50 fig of mercury carrier.

2. Extract gold with amyl acetate.
3. Neutralize to pH 5 with

sodium acetate.

Yield =90%

1. Column consists of —80 mg of
thiop.apyl Sepharose B.

2. Stir mercury-195m Sepharose
for several hours and then
put into column.

and results in a high dose to the patient and considerable inconvenience
and expense to the hospital. The >»5»>Hg-*!95mAu generator is far more
suitable since the daughter half-life is only 30.5 sec, whereas its chemistry
and gamma radiations are perfectly adequate

Development and Production

We have developed this generator to the point where it is now undergo-
ing clinical trials in two hospitals in the United Kingdom. Our production
methods have been reported in the literature (Coleman et al., 1980; Bett
et al., 1981, 1982; Elliott et al., 1983), and the main points are summa-
rized in Fig. 7 and Tables 7 and 8.
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Elution of Generator

It is not easy to elute gold from mercury given that the eluant must be
injected into a patient and that the activity has a half-life of only 30.5 sec.
Many eluants were tried, but the only truly satisfactory one was NaCN.
For information on experiments on both animals and humans to establish
the safe'y of CN~ as eluant, see Elliott et al. (1983); Vesey, Cole, and
Simpson (1976); and Vesey, Krapez, and Cole (1980). Figure 8 shows
that 2.5 mmoles of NaCN gives an elution efficiency of 30% in —0.6 ml.
Because only 47% of the IV5mHg decays through 195mAu, this means that
our "standard" column of ~ 100 mCi of 195lBHg gives around 15 mCi of
l95mAu in the eluate. Eighty percent of the activity can be obtained in
0.4 ml by discarding the first 0.2 ml. Contamination of the eluate by
195mHg is <0.01% by activity.

Animal Tests

Sterility and apyrogenicity tests and animal studies to examine levels of
mercury and cyanide compounds and blood gas levels have been carried
out. The results of these are shown in Tables 9 and 10. Details are given
by Elliott et al. (1983).

Trials with Humans

Up to now the generator has been used in trials with some 20 humans.
One can summarize the result", by saying that the data obtainable in a sin-
gle measurement are very similar to data obtainable by using "mTc but
that many repeat measurements can be made in quick succession with the
l95mAu, whereas a maximum of two is possible with " T c . The other
major advantage is that the total-body radiation dose from a l9SmAu meas-
urement is only 0.02 mrad/mCi compared to 10 mrads/mCi for " T c per-
technetate; the isotopes require the same amount of activity to be injected
to give data of comparable quality. Figure 9 shows a comparison of the
two. Figures 10 to 13 show wall-motion studies with l95nlAu, with respec-
tive ejection fractions specified. The patient's heart rate for Figs. 11 to 13
increased from 64 to 140 beats/min. The relationship is expressed as

c . . . .. counts in relaxed heart — counts in contracted heart
Ejection fraction =

counts in relaxed heart
ASTATINE-211

I now come to my final isotope, 2llAt. Our work with this isotope is in
collaboration with the Medical Research Council's Radiobiology Unit and

(Text continues on page 124.)



SKORT-UVED MEDICAL ISOTOPES AT HARWELL 119

10

I

/

I

I

1

1

1

1

1

1

—-o--

1

1

L

1

1

J ! i
17.4 inu

1 1
4 6

CYANIDE CONCENTRATION, mmole

(al

30

20

10

0

I

-

I

I
2.5 mmo

4

/

/

I

I

le NaCN

/

/

/
0

/

\ I

I
mCi

I

'V ,

I

I

mmole NaCN

I

I
•

14.6 mCi

-

-

0.2 0.4 0.6

ELUTION VOLUME, ml

I D )

0.8 1.0

Fig. 8 Ehtion of goM-195a by asiag NaCN.



120 CUNINGHAME

TABLE 9

Animal Tests on Gold-19Sm Eluates

Sterility checks

Pyrogcn tests

Flute 1

Broth cultures show cluatc to be sterile.

The 24-hr rabbit rectal-temperature lo t s show ihe cluate to be anlipyrogenic.

Animal tests
Rabbi 15 (4)

Electrocardiograms (ECG), after four separate
0.5-ml injections of eluate via cannula" No detectable changes found in ECG waveform or arterial pressure.

Pig (weight, 6 kg>, after two )0-mJ injections
of tluate Blood Gas Amijtk

After NorsulBefore

jiaofc/IKcr paok/ttttr woole/Uter

Plasma cyanide Unrecordable Unrecordabfe 0 to 0.3
rted-ctll cyanide I.I 5 0.1 to 1
Plasma thiocyanate 20 27 30 to 90

Greyhound (weight, 24 kg), after 20-ml injection
of eluate

Man (a volunteer)
Nuclear angiograms

With gold-l95m
Two rirst-[>35s studies at 5-min intervals

With technetium-99m
One lirst-pass study 5 min later

Arterial pO2
Arterial DCO2
Arteriul pH

Central venom pO2
Central venous pCOj
Central venous pH

More
hjectba

50.4
36.0
7.41

50.6
39.0
7.39

After
lajtctk.

50.6
39.0
7.39

50.4
42.5

7.36

(No changes delected in heart rate, ECG waveform, or blood pressure.
J Ail three first-pass studies gave similar left ventricular wall-motion
1 patterns; ejeciion fractions were 60, 64, and 59%, respectively.

Plasma cyanide
Red-cell cyanide
Plasma thiocyanate

Coatral

0.12
0.96

31

G«y
a M t l ,

liaok/Hter

018
1.3

30

GoM
rt-t.t 1

lupok/Wer

0!8
1.3

30

Nomtl
up

0 to 0.3
0.1 to 3
30 to 90

*A blood pressure catheter was introduced into the femoral artery and advanced into the aorta. A cannult was then intro-
duced into the contralaterat artery.
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TABLE 10

Astatine-211 Production at the HarweU
Variable Energy Cyclotron (VEQ

Reaction
Energy
Current
Yield overall
Target
Chemical processing

Volume of product
Alternative production routes

Decaj data of 2 l lAt
Half-life
Flcotron capture
Alpha

OTBi (a,2n) 2"At
2ft MeV (restricted to avoid (a,3n) reaction}
2 /iA (restricted becaisse sufficient at present)
1 to 2 mCi with 4 to 6 hr of irradiation
Pressed bismuth metal, water cooled
1. Bismuth heated at 600°C
2. Astatine transported in N, stream

aid collected in 0.1 M NaOH containing

1 ml
2WBi(1U,5n)2"Rn-»a"At
a)SBi(6Li,4n)!11Rn-:"1At

(saturation yield, 5.5 m C i / M )

7.21 hr

41%
5.866 MeV

\

s
la) (b)

Fig. 9 Wall-ao&w study: CM^MHSOB of (») aomol hurt witfc
(ejectioa fnctkm, 56%) u d (b) aoraud heart ( s u e priest) witk «oM-195a (tjec-
tk» tneOoa, 53%).
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la) (b)

Fig. 10 WaU-awtioa striy with goM-lSSn cnaaarim of (») nnud heart
(ejcctiw fractkw, 53%) u « (a) abaoiaal hurt (ejection fraction 32%).

"V

(a) (b)

Rf. 11 WihHdM ttmiy with {oU-Ute t w n i l m of (a) H I M I knit
retttag (MNMI ejectita fnctk*. 57%) a ^ (•) heart hi M M ptiieat after 3 aria
of excrchw (aoiaal ejectiwi Iractioa, $•%).
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V
V

(b)

Fig. 12 Wall-aotioa study with goM-195a: heart hi sane pattest (a) after
6 mia of exercise (tje-.tUm fractioa BOW oaiy 37%—s&oaM hare increased ia
aoraial persoa) aad (h) after 8.5 nia of exercise, at peak of exercise
period—»ery aEaorauI at 32%).

\

K

V
(a)

\
(1))

Fit- 13 WallHBotioa sMy with foW-19£au heart hi turn* p a * * (a) at ft of
10.!S-ahi exercise aerioi (heart recoTeriag, aa to 37%) aa« (h) 2 ahi later (kck
to iionaal >< 55%).
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arose from the hope that monoclonal antibodies labeled with I23I might
localize in tumors and that imaging with such a compound might perhaps
be followed by therapy by means of the same antibody labeled with 211At.

Production of Astatine-211 at Harwell

At present we produce 2IIAt direct by bombardment of a bismuth-
metal target by 4He ions. A snag with this route is that the beam energy
has to be kept down below the threshold for production of 2>0At since both
it and its daughter, 210Po, are highly undesirable contaminants. This res-
tricts the yield that can be obtained by this route.

An alternative route recently mentioned in the literature '(Meyer and
Lambrecht, 1980) is by the reaction 209Bi(7Li,5n)2"Rn—2IIAt. This
route is attractive because the half-life of 2llRn, 14.6 hr, gives one a little
more breathing space than the 7.2 hr of 2i 'At itself. Once more, care must
be taken to avoid formation of 2l0Rn by the (7Li,6n) reaction, or else a
double milking procedure will need to be used. Obviously an alternative to
this reaction is 209Bi('Li,4n)-*21IRn. Either of these two reactions can
be used at the Harwell VEC which can produce lithium beams of at least
Wfi\.

Table 10 summarizes the main points about 2 l lAt production.

Usage of Astatine-211

The antibodies at present being investigated are IgM (mol. wt,
-900,000); lgG (mol. wt., -160,000); and Fab (mol. wt., -50,000). The
principal aim of our current studies is to label these serum proteins with
21'At and attempt to destroy tumor cells in vivo or in vitro with them. A
limited number of studies of the radiotoxicity of labile astatine in labora-
tory animals are also envisaged.

The work started in mid-1981, and most of the current effort is
directed toward establishing a labeling method that gives reproducible
results, a high labeling efficiency, and a product stable in vivo for
—20 hr. Conventional methods such as those used for labeling of proteins
with iodine are unsatisfactory, because they introduce astatine or iodine
directly into the tyrosine residue where the C-At bond is much weaker
than the C-I bond; hence the astatine-antibody is unstable.

A more stable astatine-antibody can be prepared by a three-stage indi-
rect labeling of the amino group of the lysinc residue; this method is now
being used for labeling nonspecific rabbit IgG with 21lAt. This nonspecific
IgG will not, of course, bind to tumor cells, but the work will be continued
until the methods are fully established; only then will the vastly more
expensive but highly specific monoclonal antibody be used.
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CONCLUSIONS

The work described here represents a small but well-rounded program
of isotope research and production appropriate to a large and expensive
cyclotron. Although this program constitutes only a small part of the
cyclotron program and only a small part of the work of those taking part
in it, it does fill a useful gap in the provision of short-lived isotopes for
medical use in the United Kingdom and it does generate a substantial
income for the VF.C.

Before concluding, however, I must also mention one organizational
problem which, although it does not really bother people who are making
and using short-lived isotopes on a research basis, can assume enonnous
significance if you are trying to do the job commercially. The problem is
that in most cases the production and despatch of one batch will usually
take more than 8 hr. If you decide to work only "normal" hours, then

• Part of the product is lost unnecessarily.
« Proportions of contaminants may increase.
• You probably miss the early trains or aircraft—a serious problem.

If these disadvantages are important (and for our 123I they are crippling)
and you decide to work on a 24-hr/day basis, then

• Staff costs are increased.
• Staff members have to work unpleasant hours.
• Great extra costs are incurred if your machine or organization does

not normally expect 24-hr operating, since specialist staff such as security
men, firemen, and health physicists have to be brought in (and paid!) spe-
cially for the job.

Fortunately, Harwell does not have t *>iher about this last point
because it is open all hours?
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Production of Medical Short-Lived
Radionuclides in Canada

LEONARD I. WIEBE, Ph.D.
University of Alberta, Edmonton, Canada

ABSTRACT

The production of radionuclides for medical and biomedica! research in Canada has been
reviewed with respect to the national geographic and demographic characteristics which influ-
ence their use. The types of facilities available for the production of short-lived radionuclides
have been summarized, and a tabulation of the radionuclides that are produced has been
presented.

In broad tsrms production facilities can be classified as belonging to one of two groups,
nuclear reactors or charged-particle accelerators. The charged-particlc accelerators produce
the mere neutron-deficient and (because of the resultant decay properties) the more useful
radionuclides for medical application. Clinically useful quantities of iodine-123 are produced
only with the University of Manitoba cyclotron, the 70-MeV beam line at TRIUMF, and the
Atomic Energy of Canada Ltd. (AECL) cyclotron in Vancouver. Fluorine-IS is produced at
TRIUMF and at the Montreal Neurological Institute's (MNI) baby cyclotron; carbon-) 1 and
oxygen-15 are produced only at MNI. Small research quantities of these and a number of
additional radionuclides are produced at several other centers which have accelerators dedi-
cated for nonmedical research.

The nuclear reactor facilities for radionuclide production range in size and capacity from
the high-flux research reactors of AECL to the six SLOWPOKE reactors, five of which are
located on university campuses across the country. In addition to the large (by international
standards) commercial production by AECL of radioiodines, radioxenons, and molybdenum-
99, the McMaster University reactor is used to produce curie quantities of fluorine-18
weekly. Millicurie amounts of a large number of radionuclides, most of which have half-lives
ranging from 2 to 50 hr, are produced in the low-flux (1012 neutrons cm2 sec"') reactors, in
support of basic medical research.

Canada is a very large country with a low population density. It has only
one international boundary, approximately 7500 km long, which it shares
with the United States of America. In terms of popu>tion distribution,
however, Canada is really not the second largest nation in the world but is
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a rather long, narrow country with more than 70% of its population living
within 160 km of its southern border. These features (Fig. I, Table 1),
when viewed in the light of transportation logistics, the relatively small
taxation base, and the (in U. S. terms) miniscule commercial market
potential, affect all high-technology industries including production of
short-lived radionuclides. However, some 150 hospitals in Canada do use
radionuclides (Porter and Armstrong, 1980) and, as demonstrated by the
TRIUMF (Tri-Universities Meson Facility) TRIM (TRKJMF Medical
Isotopes) group, the linear nature of the country does allow nationwide
distribution of iodine-123 even from a production site located at one of the
extremities (Lyster, Vincent, and Dougan, 1982).

A number of installations in Canada are capable of producing short-
lived radionuclides (Table 2). These facilities could be considered as
belonging to one of four categories. First, in a class of its own, is the
TRIUMF-AECL (Atomic Energy of Canada Ltd.) complex, which con-
sists of (1) a high-energy negative-ion separated sector cyclotron which
delivers proton beams of 70, 100, and 500 MeV and (2) a CP-42
negative-ion cyclotron which provides proton beams with energies up to
42 MeV (Pate, 1980). Second is the recently commissioned Japan Steel
baby cyclotron, a compact cyclotron that delivers proton and deuteron

VANCOUVER

• Cities with over 1.000,000
inhabitants (including suburbs)

© Cities with over 500.000
inhabitants (including suburbs) TORONTO

Fij. 1 Pur-*- "-" •«—«— •* —J— -»"r *- "n-mfr
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TABLE 1

Commercial Radioouclide Production in Canada:
Geographic Considerations

Area

Internationa) boundary, km
Population
Population distribution

Linear (air) distance,
km

9.92 X 106 km2 (3.83 X 106

sq. miles)
One, with United States
24.1 X 106

70% within 160 km of
U. S. boundary

Vancouver to Edmonton
Edmonton to Winnipeg
Winnipeg to Toronto
Toronto to Montreal
Montreal to Halifax
Halifax to St. John's

7400

750
1200
1400
500
900

1000

beams for the production of short-lived positron-emitting radionuclides for
medical application at the Montreal Neurological Institute. In the third
group are other low-capacity cyclotrons (at University of Manitoba and
the Foster Radiation Laboratory of McGill University) and Van de Graaff
accelerators (at McMaster University and University of Alberta), which
are used only in small part for radionuclide production. The fourth group
includes the nuclear reactors which range from high-flux research and pro-
duction reactors at Chalk River, through the intermediate-flux (2 X 1013

neutrons cm~2 sec"') research reactor at McMaster University, to the
low-flux SLOWPOKE reactors located at several universities across
Canada (Table 3).

The SLOWPOKE reactors, produced and marketed by AECL, are
swimming pool type enriched-uranium reactors with layouts and uses typi-
fied by the University of Alberta facility (Fig. 2). The low neutron flux
(1012 neutrons cm"2 sec"1) and limited excess reactivity severely limit the
utilization of these reactors for anything but small-scale—and usually
low-specific-activity—radicnuclide production. Specific activities achieva-
ble are characteristically under 100 mCi/mmole except in the case of
fluorine-18, which can be produced at the no-carrier-added level via the
tandem reaction 6Li(n,a)t; "O(t,n) l8F. Unfortunately, the total yield at
end of irradiation is only in the order of a few millicuries (Ford et al.,
1979). In those cases where the Szilard-Chalmers process applies, of
course, relatively high specific activities are achievable. The radionuclides
produced in any nuclear reactor are primarily neutron-rich nuclei that
decay with emission of a combination of beta and gamma radiations; these
render the nuclide unsuitable for in vivo application in medical practice. A
number of exceptions to this generalization do exist, including the case of
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TABLE 2

Radionuclide Production Facilities in Canada

Ficiltty u d kxarto. Prodactioa eqaiimeat Miiafoctioa

Tri-Universities Meson Facility
(TRIUMF), operated by
National Research Council,
Vancouver, B. C.

University of Alberta SLOWPOKE,
Edmonton, Alta.

University of Alberta,
National Research Council,
Edmonton, Alta.

Saskatchewan Research Council
(SRC) SLOWPOKE,
Saskatoon, Sask.

University of Manitoba,
Winnipeg, Man.

McMaster University,
Hamilton, Ont.

University of Toronto
SLOWPOKE, Toronto, Ont.

Atomic Energy of Canada Ltd. (AECL)
Chalk River, Ont.,
Ottawa, Ont.

University of Montreal
SLOWPOKE, Montreal, Que.

McGill University
Montreal, Que.

Montreal Neurological
Institute (MNI), McGill
University, Montreal, Que.

Dalhousie University
SLOWPOKE, Halifax, N. S.

500-MeV cyclotron
42-McV cyclotron

Reactor

7-MeV Van de GraaM

Reactor

Cyclotron (p)

Reactor
Tandem Van de Graaff

Reactor

Reactors
Reactor

Reactor

100-MeV synchrocyclotron

14-McV compact cyclotron

Reactor

Research
Commercial

Research

Research

Research

Research and local
commercial

Research
Research

Research

Commercial
Commercial

Research

Research

Research

Research

samarium-153. This radionuclide delivers a radiation dose per millicurie
similar to that from gallium-67 (Woolfenden et al., 1978) and has been
shown to have potential clinical utility in diagnostic oncology (Tse, 1982).
The large neutron-capture cross section of commercially available 153Sm,
the 46-hr half-life, the acceptable decay emissions (28% 103-keV gam-
mas), and the reactor-production mode are all compatible with commercial
production and distribution of this radionuclide. Furthermore, sufficient
production is achievable even with a low-flux low-power reactor such as
the SLOWPOKE to support in vivo research including preclinical studies.



MEDICAL SHORT-UVED RADWNUCUDE PRODUCTION IN CANADA 131

TABLE 3

SLOWPOKE Nuclear Reactors for
Smell-Scale Radionuclide Production

Operating Characteristics

Low-temperature core (<40"C; pool type; negative thermal reactivity)
Pneumatic loading _
Maximum thermal neutron flux: 10 neutrons cm sec (4 hr)

2 X i o " neutrons c m " 2 sec" ' (24 hr)

Contact Persons

Dr. D. Ryan, Trace Analysis Research Centre, Dalhousie University, Halifax,
Nova Scotia

Dr. J. Boisvert, l'Ec ' technique, University de Montreal, Montreal, Quebec
Mr. G. Burbidge, Atomic Energy of Canada Ltd., Tunney's Pasture, Ottawa, Ontario
Dr. R. Hancock, University of Toronto, Toronto, Ontario
Dr. C. Smithson, Saskatchewan Research Council, Saskatoon, Saskatchewan
Dr. L. I. Wiebe, University of Alberta, Edmonton, Alberta

SECONDARY
RADIATION
SHIELD
[CONCRETE!

Fit. 2 The Uahenity of Alkerta SLOWPOKE reactor faculty.
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TABLE 4

Radionuclide Production at the McMaster
University Nuclear Reactor Facility*

Nuclear reaction

*Li(n,a)t; l 6O(t,n) l 8F

4!K(n,r/2K
81Br(n,7)82Br

67Zn(n,'p)67Gi

l69Th(n,7)17ftTh

Batck yieWt

500 mCi
1 mCi

200 /id

1 mCi
60 /iCi
12 mCi

2 Ci
0.5 Ci
200 mCi

2 Ci

Production
frequency

Three times a week
Weekly
Monthly

Bimonthly
Monthly
Biweekly

Weekly
Semiunnually
Monthly
Monthly

•Contact: Dr. G. Firnau, McMaster University Medical Centre,
Hamilton, Ontario.

tMaximum flux, 2 X 10 neutrons cm sec .

In addition, radiohalogenated drugs may be prepare*' for chemical model-
ing and animal investigations, either by direct activation of the nonra-
dioactive halogenated parent or by chemical labeling with the radiohalide
anion produced in the SLOWPOKE reactors (Y. W. Lee, Knaus, and
Wiebe, 1980; Flanagan et al., 1980; Wiebe et al., 1980).

The McMaster University reactor is used to produce a number of
radionuclides (Table 4). The most important short-lived radionuclide of
this group, in terms of medical use, b fluorine-18. Jndeed, several impor-
tant innovations for chemical synthesis with reactor-produced fluoride have
been developed at this center (Chan, Firnau, and Garnett, 1974; Firna-i
et al., 1981). The commercial production of radionuclides by AECL at
Chalk River, Ont, represents a significant proportion, perhaps 50%, of the
world's radioiodine and molybdenum-99 (Robertson and Evans, 1981).
However, these nuclides fall outside the definition of short-lived radionu-
clides used here. Several of the more important radionuclidcs produced by
AECL are listed in Table 5.

The charged-particle accelerators used for radionuclide production are
identified in Table 6. The TRIUMF-AECL cooperative venture
represents the lion's share of the Canadian production potential. Particu-
larly important are the proven production of I23I via the spallation reaction
on cesium (Vincent el al., 1981), the recent completion of the 70-MeV
line for (p,5n)l23I (Robertson, 1982), and the 42-MeV cyclotron for
(p,2n)l23l (Robertson, 1982).
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TABLES

Commercial Radioouclide Production by
Atomic Energy of Canada Ltd. (AECL)*

Gnfes per year Mata proimetkm
NaclMe Hatf-Hfe attiaeofw resctiM

9 9Mo/ 9 9 mTc
l l 3 Sn/ 1 1 3 r a In
133
131,

Xe

-"Cr
125.

66 br to 6 hr
115 days to 99 min

5.2 days

8.0 days

27.7 days
60 days

>SO,000
>20

> 13,000
>5,000

>75
>7,O0O

H j W f M o
ll2Sn(n,T)I13Sn
235U(n>f)133Xe
235U(n,f)131I
<WI31

1 Cr
1 2 5

CKn.T) Cr
2 4 X e ( n , 7 ) 1 2 5 X e ~ 1 2 5 I

•Contact: Dr. Ian Travina, Atomic Energy of Canada Ltd. (TRIUMF),
University of British Columbia, Vancouver, B.C., Canada.

TABLE 6

Cyclotron/Accelerator Radiocuclide Production

Facility

TRIUMF,
Vancouver

National Research
Council, Edmonton

University of Manitoba,
Winnipeg

McMaster University,
Hamilton

McGill University,
Montreal

Montreal Neurological
Institute, McGill
University, Montreal

Bern
deHrery

500-MeV protons

42-MeV profons

70-MeV protons
7-MeV dcuterons

20-MeV protons

12-MeVdeuterons

100-MeV protons

14-MeV protons

R»dlo«uclWes,
Tfi, 2 kr to 3 days

82Sr/82Rb; I8F; 123I;
67Cu; 52Fe; 127Xe;
68Ge/68Ga

6 1 Ga; 2 6 l Ti; l 2 3 I ;
57Co; 109Cd

127Xe; I23I
123,. 18p. l l c

I23I; "Kb/^'-Ki; 84Rb

I8F. l l c . 15Q

77Kr

I8F; U C ; 13N; 15O

Coatict

Dr. B. Pate
Dr. J. Vincent
Dr. B. Robertson
Dr. D. Lyster
Dr. H. Dougan

Dr. L. I. Wiebe
Hr. D. Sheppard
Dr. M. W. Billing-

hurst

Dr. G. Firnau

Dr. J. K. P. Lee

Dr. M. Diksic
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The McMaster University Van de Graaff and the Montreal Neurologi-
cal Institute baby cyclotron support active in-house research programs, the
fprmer emphasizing fluorine-18 (Firnau et al., 1981; Garnett, 1982) and
the latter developing a broad spectrum of clinical research with four
short-lived positron emitters (Diksic, 1982). The University of Manitoba
cyclotron has been used for iodine-]23 production in a parasitic mode for
a number of years, with commercial delivery to several Canadian centers
(Billinghurst et al., 1981). Recently, rubidium-krypton generators for
limited distribution have been made available to western Canada users,
and further expansion of radionuclide production facilities is being imple-
mented through the addition of a beam splitter (Billinghurst, 1982). The
McGill University synchrocyclotron is rarely used for radionuclide
production (J. K. P. Lee, 1982). The low beam current of about ! pamp-
hr limits production to research quantities. The University of Alberta Van
de Graaff has been used for production of carbon-11 (McQuarrie, 1975)
and fluorine-18 (Abrams et al., 1978). Recent improvements in machine
control, beam focusing in the target beam line, and target design have
been implemented to support expanded programs with these radio luclides,
as well as a pilot project for iodine-123 production.

MARIA (Medical Accelerator Research Institute in Alberta) is one of
several medical accelerators planned in Canada for radionuclide produc-
tion. At the present time this facility would have two cyclotrons for pro-
duction, a low-energy machine for radioactive gasses (primarily for posi-
tron emission tomography) and p. high-energy cyclotron for iodine-123 and
other medical radionuclides for local and national distribution (Fig. 3). At
this time, MARIA has completed its second planning phase (MARIA
Phase IIA, 1981) which is under review by the Government of Alberta.
Four international design symposia have been conducted r conjunction
with this proposal. The first of these symposia related to medical radionu-
clide production (Table 7). Consideration of equipment design and com-
mercial market estimates for iodine-123 production were major topics of
discussion.

In summary, there are fourteen or more facilities in Canada which pro-
duce or have produced short-lived radio.iuclidcs. Only three of these have
the capacity to produce and distribute such radionuclides on a commercial
basis for medical use. Furthermore, iodine-123 production is restricted to
the University of Manitoba cyclotron and TRIUMF. The latter, through
the TRIUMF-AECL cooperative arrangement, is capable of providing and
distributing spallation, (p,Sn), and (p,2n) iodine-123 for local, national,
and continental use. Other facilities are being planned in Edmonton and in
central Canada; should these be established, iodine-123 would become
available at moderate cost and with a high reliability factor.
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Fig. 3 Schematic of major t»ta]latio«s !• tke MARIA facility, for proposed
construction la Edawaton, Caaada.
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Review of Short-Lived Radionuclide
Activities in the United States

VINCENT J. SODD, Pb.D.
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Administration, University ol Cincinnati Medical Center, Cincinnati, Ohio

ABSTRACT

A review is given of the ai;celerator-produced short-lived radionuclides which are used in
radiopharmaceuticals available commercially in the United States and of the accelerator facil-
ities devoted primarily to ttieir production. Reactions for the efficient production of Ga,
81Rb_>8lmKr '" in , ^01Ti, and i 2 3I are given. Methods for the production of higher purity

I are suggested.

This paper reviews (1) those accelerator-produced, short-lived radionu-
clides (SLR's) which are incorporated in radiopharmaceuticals now readily
available commercially in the United States and (2) the accelerator facili-
ties devoted primarily to their production. Many other SLR's are not
available commercially but are of current interest and are currently used
in various phases of research. Because these research materials are not
available to nuclear medicine users as a whole, they will not be discussed
here. However, many of these important SLR's are discussed elsewhere in
this volume. Also, it is recognized that the majority of nuclear medicine
procedures are performed with 99mTc preparations and not with SLR's.
Because this symposium, however, is not directed toward " m Tc radiophar-
maceuticals, the availability of this radionuclide will be mentioned only
briefly.

The SLR's used in commercially available radiopharmaceuticals, i.e.,
those radiopharmaceuticals whose New Drug Applications (NDA's) have
been approved by the U. S. Food and Drug Administration (USFDA), are
listed in Table 1. These SLR's are available only in the chemical forms
listed and from the specific manufacturers listed. Such SLR's are ail pro-

»38
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TABLE 1

USFBA-Approved Radiopbarmaceuticals That Use
Sbort-Lived Radionuclides (SLR's)

(Udiophirmaceutical
(SLR)

67Ga

81mKr

' " i n

!23j

2O.T,

Chemical form

Gallium citraie

Generator

DTPA complex

Sodium iodide

Thallous chloride

Manufacturer

Mallinckrodt, Inc.
Medi-Physics, Inc.
New England Nuclear Corp

Mcdi-Pliysics, Inc.

Medi-Physics, Inc.

Medi-Physics, Inc.

Mallinckrodt, Inc.
Medi-Physics, Inc.
New England Nuclear Corp

duced at charged-particle accelerators, mainly cyclotrons. Some nuclear
reactions used for their production are listed in Table 2. Also listed are
the yields of the various reactions and the energy of the bombarding parti-
cle that results in this yield. For a good perspective on the status of pro-
ducing these SLR's in the United States, the energy requirements of these
reactions must be correlated with the capabilities of the various U. S.
cyclotrons committed to nuclear medicine. For this purpose those cyclo-
trons located at medical institutions and those owned and operated by
radiopharmaceutical companies are listed in Table 3.

It can be seen from Table 2 that 67Ga, 81Rb, and ' " In can be produced
in medically useful quantities by irradiating target material with protons,
deuierons, or alpha particles. In general, ths energies of the alpha particles
required (30 to SO MeV) are beyond the limitations of the compact medi-
cal cyclotrons. However, the majority of the other reactions listed are
induced with either 15- to 30-MeV protons or with 8- to 20-MeV deu-
terons and can be accomplished in reasonable yield at a!! compact
machines but those of lowest energy. The preferred reactions for the pro-
duction of 67Ga, 8lRb, and " ' In are the (p,2n) reactions on 68Zn, 82Kr,
and "2Cd, respectively.

As shown in Table 2, the production yield of 20>T! is highest through
its precursor, 2OIPb, via either the (p,3n) or the (p,5n) reaction on thallium
targets. At the present time most, if not all, of the 20lTl available commer-
cially is produced by the 2O3T!(p,3n) reaction. Although the highest cross
section for this reaction is at 31 MeV (Table 2), adequate quantities j.re
produced by radiopharmaceutical manufacturers by using cyclotrons with
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TABLE 2

Reactions for the Production of Short-Lived Radiwnnclides

Reaction

65Cu(4He,2n)
68Zn(p,2n)
Zn(d,xn)
66Zn(d,n)
64'68Zn(4He,pxn)

81Br(4He,4n)

79Br(4He,2n)
8lBr(3He,3n)
82Kr(p,2n)
82-83KKp,xn)
82Kr(d,3n)
85Rb(p,5n)81Sr

109Ag(4He,2n)
Cd(p,xn)
mCd(p,n)
u2Cd(p,2ii)
llOCd(d,n)

203Tl(p,3n)20lPb
205TKp,5n)201Pb

Tl(p,pxn)

l2/tTe(p,2n)
l23Te(P,n)

l22Te(4He,3n)I23Xe

l27I(p,5n)123Xe

Energy,
MeV

30
21
8

16
40

50

35
22
22
33
22
70

30
15
16
22
12

31
46

24

30
15

43

60

Yield,
pd/fiunp-ta-

Gtllimn-67

160
430
100
946
165

Iteferenc2

Silvester and Thakui (1970)
Hupf and Beaver (1970)
Porter et al. (1970)
Neirinckx(!976)
Nagameet al. (1978)

Rubidium-Sl-Krypton-Slm

2,900

2,000
30

15,000
11,000

1,000
2,300

lndinm-111

200
140
515

1,035
117

TbjUiuD-201

700
2,100

85

Iodiie-123

40,000
440

5,000*

36,000 to
150,000*

Yano, McRae, and Anger (1970)
Jones and Clark (1969)
Mayronet al. (1974)
Watson (1970)
Lambet al. (1977)
Ruth et al. (1980)
Gindleret al. (1976)
Horiguchi et al. (1980)

Thakurand Nunn (1972)
Dahl and Tilbury (1972)
Brown and Beets (1972)
MacDonald etal. (1975)
MacDonald et al. (1975)

Lebowitz et al. (1975)
I.agunas-Solar, Jungermann

and Paulson (1980)
Qaim, Weinreich, and Ollig (1979)

Cauweet al. (1974)
Barrallet al. (1981)
Hupf, Eldridgc, and Beaver (1968)
Sodd and Blue (1968)
Sodd et al. (1973)
Lambreeht and Wolf (1972)
Fusco et al. (1972)
Willdns etal. (1975)

•Xenon-123 yield.
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TABLE 3

Comparison of Cyclotrons in the United States

141

Institution Model No.

Particle energy, MeV

Proton Deuteron

Noncommercial Compact Cyclotrons

Sloan-Kettering
Institute for Cancer
Research, New York, N.v.

Argonne Cancer
Research Hospital,
Chicago, 111.

University of California,
Los Angeles, Calif.

University of California,*
Los Angeles, Calif.

Mt. Sinai Hospital,
Miami, Fla.

Edward Mallinckrodt
Institute of Radiology,
St. Louis, Mo.

M. D. Anderson Hospital*
and Tumor Institute,
Houston, Tex.

University of Michigan,
Ann Arbor, Mich.

Johns Hopkins Hospital,
Baltimore, Md.

University of Texas,
Houston, Tex.

CS-15

CS-15

CS-22

CP-45

CS-30

CS-15

CP-42

CS-30

MC-IS

MC-35

15

15

20

12 to 45

26

15

11 to 42

26

16

2 to 35

Commercial Cyclotrons

New England Nuclear
Corporation

Medi-Physics, Inc.

Mallinckrodt, Inc.

RadPharm, Inc.

CS-22
CS-30
CS-30
CS-30

CS-22
CS-22
MC-40
MC-40

CP-42
CS-30

CS-30

20
26
26
26

20
20

9 to 40
9 to 40

11 to 42
26

26

g

g

11

7 to 24

15

8

6 to 24

15

g

3.8 to 18

11
15
15
15

11
11

4.5 to 20
4.5 to 20

6 to 24
15

15

"He

16

16

30

16

30

7.5 to 35

30
30
30

9 to 40
9 to 40

30

30

•Therapy.
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TABLE 4

Percent Composition of Commercial and
Higher Purity Iodine-] 23

Composition

Commerciar

Higher purity

Radicmuclide

.23,

124,
2 4Na
123,
125,

Other

At time of
calibration

(TOO

>94.5
<5.0
<0.5

>98.0

<0.1

24 b after
TOC

>85.8
<I3.6
<0.6

>93.1
<6.6
<0.3

maximum proton energies of 26 MeV (Tables 1 and 4). Although the
yield of the ^TKp.Sn) reaction is three times greater than that of the
2O3Tl(p,3n) reaction, the 46-MeV protons required for the peak yield of the
(p,5n) reaction are not available at medical cyclotrons.

In general, it seems that users of 67Ga, 8lRb-81mKr, '"In, and 2O1T1
have no complaints regarding the quality and/or availability of these
agents. The same cannot be said for 123I. Since the introduction of 133I to
nuclear medicine in the late 1960's until the present time, there has been
considerable debate about the effects of I24I contamination in directly pro-
duced 123I. The contamination with this longer lived, higher energy
radionuclide results in higher radiation exposure to the patient and
detracts from the excellent scintigraphic properties of 123I. Iodine-123 free
from 124I can be produced if it is obtained from the decay of its natural
precursor, 123Xe. Table 2 lists two of the many reactions which can be
used to produce 123I directly and two others which produce it indirectly
from 123Xe. The disadvantage in using the l24Te(p,2n) reaction is that the
I23I produced is contaminated with about 5.0% of I2*I at the time of cali-
bration (Medi-Physics, Inc., 1982). The 123Te(p,n) reaction can yield a I23I
product with as little as 0.2% of I24I at the end of the bombardment if
l23Te enriched to 96% is used as target material (Barrall et al., 1981).
Unfortunately, this iatter reaction suffers from the unavailability of highly
enriched 123Te at a reasonable cost. At the present time, only approxi-
mately 89% enriched 123Te is available at a high cost of over $35 per mil-
ligram. With thick targets weighing in the hundreds of milligrams (Bar-
rail et al., 1981), the cost of the U3Te alone would be in the tens of
thousands of dollars.

Production of higher purity I23I via reactions that yield 123Xe was
introduced (Sodd add Blue, 1968) by using the IMTe(4He,3n)123Xe reac-
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tion. This reaction requires alpha particles with energies in excess of
30 MeV and hence is not practical for most of the compact machines.
Furthermore, the yield i,' this reaction is relatively low.

By far the most promising reaction for the production of higher purity
m I is the 127I(p,5n)!BXe reaction. This reaction, however, requires
60-MeV protons, which are available at only a few accelerator facilities,
none of which are on the list of medical cyclotrons in Table 3.

At present the so!e nationwide source of radiopharmaceutical 123I is
Medi-Physics, Inc. In the state of California, 123I can also be purchased
from RadPharm, Inc. Both these suppliers produce the I23I from the
l24Te(p,2n) reaction which leads to the I24I contaminated product. The
higher purity material, produced from the l27I(p,5n)l23Xe reaction, has
been available for several years from Crocker Nuclear Laboratory (CNL)
of the University of California (Davis). This I23I, however, is only avail-
able as a radiochemical and must be used under an individual USFDA
1 nvcstigational New Drug Application (INDA).

In the near future it is possible that the higher purity 123I produced at
CNL will be available commercially as a radiopharmaceutical from
Benedict Nuclear Pharmaceuticals, Inc. (BMPI). This company is
currently seeking approval from the USFDA for their NDA to sell this
product. What fraction of the national need for 123I which can be supplied
by this possible source remains to be seen.

The differences in the percent composition of the now-available 123I
and that of the higher purity radionuclide proposed for sale by BNPI are
given in Table 4. It can be seen that the higher purity material contains
no I24I but has about 2% '25I contamination at the time of calibration
(TOC). Twenty-four hours after TOC, the I24I contamination in the
currently available commercial product is <13.6%, whereas the 125I con-
tamination in the higher purity product is <6.6%. It must be realized,
however, that 125I contamination is not as serious as 124I contamination.
Also, although the high-energy photons of 124I can significantly detract
from the excellent imaging characteristics of the 159-keV gamma ray of
I23I, the 35-keV photon emissions of I25I will give little, if any, deteriora-
tive scintigraphic effect. A comparison of the radiation doses to the thyroid
using commercially available and higher purity I23I at TOC is given in
Table S. These values are based on a 25% uptake of the radionuclide by
the thyroid. It can be seen that the lower purity 123I gives greater radiation
dose to the patient and that this increases as the radiopharmaceutical is
used beyond the TOC. This latter point is important if the I23I is to be
used for lengthy synthesis of organ- or function-specific 123I-labeled com-
pounds.

Technetium-99m is not an accelerator-produced SLR; hence it is not
included in the general category of radionuclides discussed in this paper.
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TABLE 5

Radiation Dose Comparison to Thyroid Using Commercial
and High-Purity* Iodine-123 at Time of CaTi^srion (TOQ

and at One and Two Half-Lives of Iodine-123 After
TOC, Assuming 25% Thyroid Uptake

lodine-123 type

Commercialt
High purity*|

TOC

23
11.6

Doae, nds/400 n&

1 Half-life

38
17.6

2 Half-lives

65
30.4

•High purity at TOC: 98% iodine-123, 2% iodine-125.
tMedi-Physics, Package Insert, Na ' 2 3 I , Emeryville, Calif.
^Benedict Nuclear Pharmaceuticals, Inc., Proposed Package Insert,

Na l 2 3 I , Golden, Colo.

However, because the great majority of nuclear medicine procedures are
performed with this radionuclide and because its sources are limited, a
brief review of its availability seems appropriate.

In the United States, essentially all 99Mo-99mTc generators are made
from fission "Mo produced in the nuclear reactor. At the present time, the
only source of this fission "Mo in the United States is at the Sterling
Forest Reactor at Tuxedo, N. Y. Also, U. S. generator manufacturers
purchase a significant quantity of fission "Mo from the Chalk River
Laboratories (Atomic Energy of Canada Ltd.) in Canada. Although the
current availability of fission "Mo seems to be more than adequate to fill
the needs of nuclear medicine, a backup source of this material does not
exist in the United States. Little imagination would be required to foresee
a severe impact on the practice of nuclear medicine if for some reason the
Sterling Forest Reactor might cease to operate.

In summary, it appears that the current availability and the quality of
SLR's in the United States are satisfactory except for I23I for which a
higher purity product is desired by a significant nurr.oer of users. Higher
purity I23I can be made available by either of two methods. If higher pur-
ity 123Te (>96%) target material were made available from the Depart-
ment of Energy National Laboratories, at sufficient abundance and at rea-
sonable cost, higher purity I23I could be produced from the l23Te(p,n)
reaction. Most of the cyclotrons devoted to nuclear medicine uses at the
present time are capable of delivering high-beam currents of 15-MeV pro-
tons and hence could make sufficient quantities of I23I from this reaction.

The second method would be to produce higher purity I23I from 123Xe
by the irradiation of natural I27I targets with 60-MeV protons from the
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reaction 127I(p,5n)I23Xe. To utilize this method, the industry must become
equipped with accelerators of much higher energy than are now available
to the field. At the present time, except at CNL and at some of the
national laboratories, the accelerators available to nuclear medicine do not
produce protons of sufficient energy for (p,5n) reactions.
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Development of Short-Lived Radionuclides
at Los Alamos

H. A. O'BRIEN, JR., Ph.D, J. W. BARNES, Ph.D., G. E. BENTLEY, Ph.D.,
F. J. STEINKRUGER, Ph.D., K. E. THOMAS, Ph.D., M. A. OTT, F. H. SEURER,
and W. A. TAYLOR, B.S.
Los Alamos National Laboratory, Los Alamos, New Mexico

ABSTRACT

Progress in the development of short-lived radionuclides at Los Alamos is reviewed. Proton-
spallation cross sections, production yields, and recent revisions in the chemical separations of
52Fc, "Cu, "Br, and '"I are presented. A number of difficulties encountered in conducting
target irradiations at 800 MeV with beam currents in the range of 300 to SSO pA are dis-
cussed.

The focus of this paper is on the development of short-lived radionuclides
in the incident particle-energy range above the spallation threshold. The
irradiation source available in our program consists of the excess 800-MeV
proton beam that reaches the main beam stop of the Clinton P. Anderson
Meson Physics Facility (LAMPF). Utilizing this beam in the Isotope Pro-
duction Facility (IPF) at LAMPF, we are exploring new techniques for
making radioisotopes. The total beam power (a product of particle energy
times intensity) presents major challenges to successfully performing irra-
diations, and some of the problems thus far encountered will be discussed.

In addition to our program at Los Alamos, similar efforts are in
progress at Brookhaven National Laboratory, at Tri-Universities Meson
Facility (TRIUMF) in Vancouver, B.C., and at the Swiss Institute for
Nuclear Research (SIN) in Villigen.

FACILSTIES

The LAMPF (Rosen, 1973a; 1973b) is centered around a half-mile-
long linear accelerator designed to accelerate a high-intensity beam of pro-
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Drift-Tube Linac Side-Coupled Linac
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Flf. 1

tons to energies well beyond the pioa production threshold. The accelerator
is comprised of three stages (Fig. 1). The first is a pair of slmost-
coovcntional Cockcroft-Walton injectors that produce H + and H" ions of
750-keV energy. These tons are made to encounter accelerating fields of
opposite sign by appropriate longitudinal separation in the linac. Vie
second stage is a modified drift-tube accelerator that provides 100-LieV
H+ and H~ ions. The novel feature of this section is the positioning of
copper rods opposite each drift tube, which has the effect of converting the
structure from a 2w mode to a x/2 mode. The third stage of the accelerf;
tor is the side-coupled waveguide accelerator, an innovation in accelerator
technology discovered and dev&iopsd at Los Alamos. In previous linacs
operating in the * /2 mode, every other cell contains a node of the elec-
tromagnetic wave, which provides no acceleration and only needless
accelerator length, It was found possible to remove the empty cell fron?
the beam line by providing a ude-couplicg cavity.
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The experimental area of LAMPF is organized to accommodate many
experiments concurrently. This is accomplished through the installation of
numerous secondary beam lines, by separating tfcs H + and H~ beams in
the switchyard to supply major sections of the experimental area, and by
refocusing the beam after each target transversal.

Physically the IPF is located immediately upstream of the main beam
stop, which is a water-cooled copper cylinder located at the end of the pri-
mary H + beam line. This facility (Cummings, Ogard, and Shaw, 1978),
shown schematically in Fig. 2, contains nine independent target stations in
series. Typically, targets are on the order of 6.4 cm OD by 2 cm thick and
are encased in a bolted container, which is of gold-plated copper, stainless
steel, or aluminum. However, a number of different target encapsulation
methods have been developed and tested, some of which will be illustrated
subsequently. Space between the inner and outer containers is provided for
the passage of deionized water coolant to remove heat deposited by the
proton beam. Obviously, the presence of cooling water is absolutely
essential during irradiation, and the controls for the targeting drive and
coolant systems are interlocked ;vith tht accelerator run-permit control
through the LAMPF computer. Should water flow be interrupted, the
accelerator is shut off, the targeting diive system is activated, all targets
are withdrawn from the beam, and accelerator run-permit is reestablished.

TARGET ENCAPSULATION SYSTEMS

In contrast with Jow-energy reactions, loss of particle energy id target
windows and coolant is not a great consideration at 800 MeV. Physical
strength, high heat transfer, and resistance to radiation damage are impor-
tant factors in selecting materials for use in encapsulation systems. The
system shown in Fig. 3 is a stacked molybdenum metal foil arrangement
used in the production of both 82Sr and 77Br. The inner container, called
the screwed can, was constructed of stainless steel and contained a copper
O-ring metal seal. The heat transfer through stainless steel was found to
be insufficient and resulted in the fusion of the molybdenum foils (20 mils
thick) which were difficult to remove from the copper rings. Also, we
observed that the four bo)»« that attached the top and bottom parts of the
outer container, called the top-loading carrier, did not apply enough uni-
form pressure around the oblong metal seal and frequently resulted in
water leaks.

This led to the development of what is termed the side-loading carrier
shown in Fig. 4. Note the 12 evenly spaced bolt holes used to attach the
side cover. Since the adoption of this system, the frequency of water leaks
has been dramatically reduced and greater operations efficiency has been
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achieved. These carriers are constructed of high-strength aluminum and
contain gold-plated coppsr metal seals.

A different target container, consisting of copper cylinders with welded
endpieces, is illustrated in Fig. 4. We have designated these containers
"shotgun shells." This type of container has been used in the irradiation of
salts and other low-melting materials, such as rubidium bromide for 67Cu
and ^Ge, indium for 109Cd, and cesium chloride for 123Xe and l27Xe pro-
duction. These containers are easily fabricated and are generally very reli-
able. The major disadvantage in their use is the reduced amount of target
material in beam. Oa the other hand, this configuration permits three
separate target materials to be irradiated in the same container.

Another target container, sbowa in Fig. S, was developed for cesium
chloride (to make >23Xc) to allow us to place considerably more target in
beam than was possible with the containers pictured in Fig. 4. This con-
tainer has a hollow, cylindrical space and a coppsr metal seal. The attach*
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ment shown contains a device for opening the seai after irradiation and a
coupling to a vacuum system. The >23I growth chamber is shown in Fig. 6.

IRRADIATION EXPERIENCE

When operations at the IFF were initiated in October 1976, LAMPF
was delivering 800-MeV protons at a current of 300 ,;iA. With all pion
production targets upstream of the IPF in beam, 52% c\" the initial beam
was measured at the harp monitor immediately in front of our first target
station. When the target used to produce the r~ beam for radiation
therapy treatment in patients is withdrawn, 75% of the beam reaches the
IPF. Since that time, the beam current has been incrementally increased
and was up to 550 pA during the last run period. It is expected that
LAMPF will deliver between 700 and 750 /<A when operations are
resumed in early June 1982.
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With each incremental rise in current, new problems have been
encountered with the targeting systems that were previously in use. Ther-
mal cycling is believed to cause bolts to expand and contract, which leads
to eventual failure in water seals both in the target carriers and inner con-
tainers. Some bolts were observed to become embrittled—perhaps through
a combination of thermal stress and radiation damage—and sheared when
being removed. Of probable interest are the two following examples of the
difficulties we have experienced.

Figure 7(a) shows a sintered rubidium bromide target before irradia-
tion; the same target after irradiation is shown in Fig. 7(b). (The lack of
clarity in Fig. 7(b) is due to the fact that the target was photographed
through a hot-cell window.) It is not clear whether the difference noted
between these two photographs was caused by radiation damage alone or
by a combination of that and water contact.

A sintered lanthanum oxide target before irradiation is pictured in
Fig. 8(a). This material is hygroscopic and expands on contact with water.
the results of this event are shown in Fig. &(b) where the target can be
seen to have extruded through the walls of the inner container and greatly
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displaced the 0.63-cm-thick walls of the target carrier. This was the most
catastrophic failure encountered to date, and it was indeed fortunate we
were able to remove that target from the IPF.

Until LAMPF reaches a steady-state operation, problems such as these
are expected to continue, and considerable resources will be expended in
finding solutions that will permit irradiations to be performed safely and
efficiently.

EXPERIMENTAL RESULTS

Recent developments in the production and separations of 52Fe, s7Cu,
77Br, and I23I are briefly summarized as follows:

fron-52

This nuclide appears to be promising as an erythropoietic marrow
agent, whereas its daughter, 21.1-min 52mMn, has been shown to be avidly
cleared from the blood with resulting high heart-to-blood ratios at short
interval after injection (Atelwr et al., 1978). We have previously
reported a cross section of 1.S4 ± 0.13 mb for the cumulative formation
of 52Fe from nickel-metal targets irradiated with 800-MeV protons (Grant
et al., 1979). A 60-g nickel target irradiated for 14 hr yielded 690 mCi
of MFe at end of bombardment (EOB). A chemical separation, based on
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extraction with methylisobutylketone (MIBK), gives an overall chemical
yield of 99 ± 1% for iron with no detectable contamination by other ele-
ments. With higher beam currents, amounts of 52Fe id excess of 2 Ci at
EOB should be realized.

Copper-67

The half-life and decay characteristics of "Cu are more desirable for
clinical applications when they are compared with those of MCu. It is
important to note, however, the presence of beta emission, which may limit
clinical usage. In comparison with 67Ga, 67Cu has a higher abundance of
the 184.5-keV photon (47%) and considerably lower abundances of the
209-, 300-, and 394-keV photons.

We are exploring the preparation of 67Cu from the proton irradiation
of natural zinc oxide and have measured a cross section of 5.35 mb at
800 MeV. Although reasonably good yields of spalbgenic 67Cu have been
obtained from RbBr by our group, the simultaneous production of several
krypton radionuciides requires that they be trapped during target dissolu-
tion or allowed to decay before dissolution. It is for this reason that we
have chosen to work with ZnO targets.

The chemical separation is achieved through a combination of precipi-
tation, cation, and anion chromatography steps (Barnes et al., 1982). The
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chemical yield is low (in the range of 30%), and there is an as yet un-
known source of stable copper which is substantially reducing the specific
activity of the recovered 67Cu. Work is continuing on this project.

A 90-g ZnO target was irradiated for 63 hr and yielded 700 mCi of
67Cu at EOB plus two days. It is our belief that substantial improvement
in the yield can be achieved.

Brcmine-77
The 77Br produced by proton irradiation of molybdenum metal is

separated from the target by codistillation of radiobromine species with 0.5
to 1.0 mg of added stable chloride carrier probably as a nitrosylhalide,
v hich is formed during dissolution of the target with a mixture of nitric
and phosphoric acids (Grant et al., 1981). The halides are trapped in
aqueous silver nitrate, with the silver being subsequently removed with a
cation exchange column. Work is in progress to separate the bromide from
chloride, nitrite, and nitrate anions by using a pellicular anion exchange
resin.

In typical 77Br production runs, 100 g of molybdenum metal foils is
irradiated for a period of 4 to 7 days. The process described in the previ-
ous paragraph gives a chemical yield of 80 to 90%, and the amount of "Br
recovered is in the range of 1 to 2 Ci.

lodine-123
Peter Paras at this meeting yesterday alluded to the fact that we have

encountered some physical difficulties at the LAMPF beam stop and that
this prevented our study of the parameters influencing m I yield and purity
last fall. To enhance the production of neutrinos at the beam-stop area of
LAMPF, the physicists installed a 20-cm-long cylinder of water mounted
on an actuator arm, which permitted the target to be raised from and
lowered into the proton team. During the late summer this target
developed a massive leakage problem, but, since it was tied in parallel with
the shielding cooling-water system, the water could not be cut off. To con-
serve the deionized water, we reduced the pressure from 250 psi to 70 psi,
which also reduced the flow substantially. The shielding temperature rose
above l00°C, and the water hitting the shielding flashed to steam.

Also, in the beam-stop area we havs a lead reflector to enhance neu-
tron production. The lead is uncovered and the surface forms a gray-white
powder with time. When the water hit the lead and flashed to steam,
lead-spallation products were being transported to the IPF operating area.
The elevated contamination necessitated exhausting the building for a
period, after the proton beam was off, before operating personnel could
enter the area. Because of commitments to many other experimenters
upstream, LAMPF management would allow only one target change dur-
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ing the operating week. Thus it was impossible to perform any I23I produc-
tion studies.

In the studies that were completed before these difficulties, we
obtained I23I yields on the order of 200 to 300 mCi, following a 1-hr irra-
diation, 2-hr transfer of radioxenon into the cold trap, and a 3-hr growth
period. A 125:123 ratio of between 0.003 ai;d 0.004 was observed. Obvi-
ously, these were not ideal conditions, but the ratios obtained are
encouraging.

Barring unforeseen events, it is our intent to pursue the I23I problem
with a high priority when LAMPF resumes operations in about three
weeks.
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Short-Lived Radionuclide Production
Capability at the Brookhaven Linac
Isotope Producer
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ABSTRACT

The Brookhaven Linac Isotope Producer is the first facility to demonstrate the capability of a
large linear accelerator for efficient and economical production of difficult-to-make, medically
useful radionuclides. The linac provides a beam of 200-MeV protons at an integrated beam
current of up to 60 /iA. The 200-MeV proton energy is very suitable for isotope production
because the spallation process can create radionuclides unavailable at lower energy accelera-
tors or reactors. Several medically important short-lived radionuclides are presently being
prepared for on-site and off-site collaborative research programs. These are iodine-123, iron-
52, manganese-52m, ruthenium-97, and the rubidium-8l-krypton-81m system. The produc-
tion parameters for these are summarized. Several other potentially useful short-lived
radionuclides, including bromine-77, strontium-82-rubidium-82, copper-67, nickel-66, and
cerium-134—lanthanum-134, are under development.

The Brookhaven Linac Isotope Producer (BLIP) is the first facility to
explore the radionuclide production potential of a large linear accelerator.
It uses the excess beam capacity of a linac that injects protons into the
33-GeV Alternating Gradient Synchrotron (AGS) that is used for high-
energy physics research. Figure 1 is an aerial view of the accelerator com-
plex with BLIP visible as the small building at the end of the linac. The
linac (Fig. 2) generates five pulses of 200-MeV protons/sec, providing an
integrated beam current of 60 pA. for short-lived radionuclide production,
and operates 24 hr/day, 7 days/week.

The 200-MeV energy is, fortunately, very useful for radionuclide pro-
duction. It enables spallation nuclear reactions to occur which provide a
route to copious quantities of short-lived radionuclides (SLR's) unavailable
at lower energy accelerators or by the fission process. Furthermore, the
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energy is high enough to allow simultaneous irradiation of multiple targets,
leading to reduced cost per nuclide. As the proton beam traverses the
multiple-target array, it is degraded in energy, eventually stopping in the
last target. All available protons are used. Thus careful choice of target
position in the array makes it possible to select the proper proton energy
range to maximize the yield of a particular nuclide from a given target
and to minimize the amounts of undesirable by-products. At energies
much above 200 MeV, however, various problems arise. Using appreciably
higher bombarding energies requires impractically thick targets to stop the
entire beam. At higher energies there is a considerable increase in produc-
tion of high-energy neutrons, which can greatly complicate the shielding
problems. These neutrons can also produce unwanted secondary nuclear
reactions in the targets. In addition, beam attenuation and energy straggle
increase objectionably at higher energies with very thick targets. Finally,
at energies above 200 MeV the spallation yield-vs.-product mass curve
flattens out, leading to relatively more production of unwanted radionu-
clides.

The proton beam enters the BLIP irradiation chamber under 32 ft of
water. Figure 3, a schematic of the BLIP, shows the beam entering the
irradiation chamber at the bottom of the tank. The water serves as a
cheap, transparent shield for high-energy neutrons produced in the targets.
Guide tubes are used for introducing independent target assemblies into
the proton beam. The target assemblies are individually cooled by means
of a flexible, metallic water hose that travels with the assembly. Th:s eaie
of target access enables both very short irradiations (seconds) and very
long ones (months).

The production of several short-lived radionuclides (SLR's) for on-site
and off-site collaborative research programs is currently being actively
pursued at BLIP. Of most interest to this symposium is the iodine-123
production capability in the BLIP program. Table 1 summarizes our
present experience. Xenon-123 is produced at BLIP by bombarding sodium
iodide targets with 70-MeV protons for 1 to 2 hr. The target, a pie-
shaped wedge 0.83 cm thick, is made by pressing Nal powder at 70 tons
per square inch. The wedge is sealed in a welded Inconel capsule contain-
ing a gas fitting for connection to the processing equipment (Fig. 4).

After bombardment the target capsule is transported to the processing
facility and attached to a gas train. A flow of helium is started through
the system and a small amount of xenon gas carrier is added. Carrier
xenon greatly improves the collection efficiency of the radioxenon because
oi the relatively high vapor pressure of xenon at liquid nitrogen tempera-
ture. The target seal is then ruptured and the capsule is heated to 780°C
to melt the sodium iodide. Xenon diffusing out of the molten salt is carried
by the helium through a dry ice trap to remove condensables aud over a
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metallic silver mesh heated to 300° C to react any traces of directly pro-
duced iodine contamination. The xenon is the.! frozen on a stainless-steel
spiral at liquid nitrogen temperature.

The xa.on-123 in the trap is cryogenically transferred to a special glass
ampoule containing H2S, which is then isolated from the processing equip-
ment The hydrogen siVlfide acts as a reducing agent to form iodine-123
iodide and to prevent the reaction of active iodine species with the glass.
The xenon-H2S gas mixture is allowed to warm to room temperature and
to expand and equilibrate into a series of similar ampoules that are then
valvtd off and flame sealed.
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TABLE 1

Iodine-123 Production Parameters

Reaction
Target
Proton energy
Yield
Impurity

l 2 7 I (p ,5n) l 2 3 Xe- 123I
Nal
68 to 48 MeV
2.9 mCi//iamp-hr i[at time of shipment)
0.4% 1JSI (at time of shipment)

HELIUM

TARGET U K
r -AAAAA- i

FURNACE
800° C

DRY ICE
TRAP,
-80°C

ACTIVATED
SILVER-MESH
TRAP. 400° C

ZENON
TRAP.
-195°C

6
DISTRIBUTION AMPULES

Fij. <S Schematic of tke Mtac-123 collection u 4 fmiOcaOom system

The iodination generator/iodination kit (Richards et al., 1981) consists
of a small glass ampoule containing an internal glass break seal and a
flanged neck on which is crimped a multi-injection type of septum
(Fig. S). After the xenon-123 decay period (at present, 4 hr), a needle is
forced through the rubber septum to break the break seal, and residual
gases are pumped off. The decay period could be used for shipment.
Another advantage of this device is that the iodine (predominately as
iodide) can tie rinsed from i'te ampoule with a small volume of a desired
solvent (bicarbonate buffer, dilute NaOH, acetous, or methanol have been
successfully used). Furthermore, iodinations can be earned out directly in
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TABLE 2

lodine-123 Production Capability

Activity F'tqaeacy of na AnilnMlJty
(wetfcs/yew)

Pre'-ent 70 mCi 1.5
Fiiture ISOraCi 4

26
45

the enclosed atmosphere of the ampoule with the iodine-123 initially in an
anhydrous form.

Table 2 shows the iodine-123 activity, frequency of runs, and yearly
availability at present along with a reasonable guess about possible future
increases. The present activity tabulated is the average of our last several
runs. The yields are somewhat erratic since this is not yet a routine pro-
cedure. We are still improving the proc-.ss. It should be noted that the 26
weeks of availability are actually spread out over a 9-month period with a
shutdown for July, August, and September. In the current parasitic mode,
BLIP runs only when the AGS does; at present the high-energy physics
budget does not permit summer operation. The values listed for the future
are simply an estimate of what is feasible with existing facilities.
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TABLE 3

Physical Properties of Iron-f>2

Half-life
Decay mode

Principal gammas

Production reactions

Medical usage

8.28 hr
0 + (56.5%)
Electron capture (43.5%)
511 keV(116%')
169keV(10a%)

55Mn(p.4n)S2Fe
Ni(p,spallation)5zFe
Studies of erythropoiesis
Parent of 5 2 mMn

Several other important SLR's are being produced at the BLIP. First is
iron-52, the only radioisotope of iron with decay properties (Table 3) suit-
able for imaging applications, particularly in studies of erythropoiesis. It is
also the parent of manganese-52m. Utilization of iron-52 has been limited
because of the difficulty in preparing sufficient quantities on the available
cyclotrons. The total yields routinely produced at BLIP in a 16-hr irradia-
tion are 60 mCi with a manganese target and 35 mCi with a nickel tar-
get. An increase in nickel target thickness would proportionately increase
the yield. The iron-52 from a manganese target is purer (e.g., —0.7%
iron-55 and no iron-59 vs. ~2.0% iron-55 and 0.17% iron-59). However,
the nickel target is simpler to use, and, when the iron-52 is used in a gen-
erator, these iron impurities present no problem to the radionuclidic purity
of manganese-52m, since they are retained on the anion-exchange column.

TABLE 4

Physical Properties of ManigaRcse-52ni

Half-life 11.1 min
Decay mode 0 + + electron capture (98.25%)
Principal gammas Sll kcV (193%)

1434 keV (98%)

Parent Iron-52 (TVJ,, 8.28 hr)
Medical usage Myocardial perfusion studies

Monitoring intervention

Manganese-52m (Table 4) is a short-lived positron emitter with poten-
tial for evaluating the efficacy of therapeutic interventioa on ischemic per-
fusion (Hui et al., 1979). We have developed a generator system consist-
ing of a small amount of anion-excliange resin on which iron-52 k
absorbsd as the chloride complex. Bombardments for iron'
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TABLES

Physical Properties of tuthenium-97

Half-life 2.88 days
Decay mode Electron capture (100%)
Principal gammas 216 keV (86%)

324keV(10%)
Production reaction 103Rh(p,a3n)97Ru
Medical usage Potentially important

radiopharmaceuticals for
tumor and abscess localization

Cell labeling

52-manganes«;-52m occuT approximately once a month, although there
have been several recent requests from off-site collaborators for much
more frequent runs.

The excellent physical properties of ruthenium-97 (shown in Table 5)
combined with its chemical reactivity make it attractive for general pur-
pose radiopharmaceutical labeling. Production of more than 100 mCi/day
from a rhodium target has been achieved at BLIP. In recent work at
Brookhaven (Srivastava et al., 1979), several radiolabeled ruthenium
compounds have shown promise for tumor and abscess localization in a
variety of animal models as compared to gallium-67 citrate.

TABLE 6

Physiciil Properties of Krypton-81m

Half-iifr.
Decay mode
Principal gamma
Parent
Medical usage

13.3 sec
Isomeric transition
190keV(65%)
Rubidium-81 (TVj, 4.58 br)
Ventilation imaging agent

Another component of the BLIP program is a rubidium-
81 -krypton-81m generator (Table 6). A generator that delivers 18 mCi is
produced weekly for on-uite pulmonary research. This is considerably
hotter than generators normally available.

Finally, a brief mention should be made about some SLR's we hope to
work on in the future. Table 7 lists these along with the relevant haF lives
and photon emissions.

This paper thus outlines the substantial short-lived radionuclide
research and production capability of the BLJ1*. To continue and broaden
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TABLE 7

Anticipated Short-Lived Rmdionuclide
Developments

NeclMe

77Br

8 2Sr-8 2Rb

1 3 4Ce- l 3 4La

67Cu
66N i

Half-life

57.0 hr

25,0 days
1.2S min

76.0 hr
6.67 min

61.9 hr
54.8 br

M«jorpfco«»
tatrgy, keV

238.9 (23%)
521.0 (24%)
Sll (190%)
776.8(13.8%)

511 (138%)
604.7 (3%)
184.6 (47%)
None

our service to the nuclear medicine community, the BLIP facility will par-
ticipate in a network of production accelerators to assure continuity of sup-
ply of the important short-lived radionuclides.
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ABSTRACT

The Brookhaven National Laboratory (BNL) radiophannaceutical chemistry program focuses
on production and utilization of radionuclides having a half-life of >2 hr. However, a major
portion of the BNL program is devoted to short-lived radionuclides, such as "C and "F.
Activities encompassed in the program are classified into seven areas: cyclotron parameters,
radiochemistry, design and rapid synthesis of radiopharmacsuticab and labeled compounds,
radiotracer evaluation in animals, studies in humans, technology transfer, and several other
areas.

This o wview of the Brookhaven National Laboratory (BNL) radiophar-
maceutical chemistry program focuses on production and utilization of
radionuclides having a half-life of >2 hr. It is stressed, however, that a
substantial portion of the BNL program is devoted to short-lived radionu-
clides, such as "C and 18F. The activities encompassed in the program are
classified into seven areas:

1. Cyclotron parameters: Targetry and production technology including
the measurement of excitation functions and the determination of appro-
priate nuclear reactions and conditions for obtaining optimum yields and
radionuclidic purity and the development of new radionuclides for biomed-
ical research and medicine.

2. Radiochemistry: Radionuclide production, on-line preparation of
synthetic precursors, especially "C, 18F, and !5O, radiochcmical separa-
tions and semi-automated radiochemical manipulations, such as the pro-
duction of 8lRb—•8lmKr generators, and including the development of hot-
cell technology for organic synthesis.

'Based on the recorded transcript of the presentation by R. M. Lambrecht.
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3. Design and rapid synthesis of radiophannaceuticals and labeled
compounds.

4. Radiotracer evaluation in animals: Including biodistribution studies,
tracer kinetics and physiologic modeling, and biochemistry.

5. Studies in humans: Principally with 18F-2-fmoro-2-D-deoxyglucose
and "C-2-D-deoxyglucose in combination with positron emission tomogra-
phy (PET VI).

6. Other areas: Including instrumentation, microprocessors, aad pro-
gramming applications for radioauctide and radiophannaceuticai process-
ing and PET VI data manipulation.

7. Technology transfer.

PRODUCTION FACILITIES

The radionuciide production facilities include a 60-in. research cyclo-
tron, the compact 41-in. JSW 1710 (Japanese Steel Works) cyclotron, the
high-flux beam reactor (KFBR), and the tandem Van der Graaff accelera-
tor. Both. cyclotrons are operated by the Chemistry Department. The
60-in. cyclotron is a variable-energy multiple-particle machine capable of
accelerating protons to 35.3 MeV, deuterons to 23.7 MeV, 3He to
65 MeV, and *He to 46 MeV. The JSW 1710 cyclotron accelerates
fixed-energy protons (17.4 MeV) and deuterons (10.0 MeV) and is rated
for >S0-JIA external beam currents. This "baby* cyclotron is intended to
be used principally for production of "C, !SO, and 18F for the PET pro-
gram. The JSW 1710 is located —100 ft from the hot laboratory and
—500 ft from the PET VI facility. Both cyclotrons are housed in the same
building. The HFBR operates at 60 MW, with a neutron flux of
2 X 10>4 cm2/sec, and is used in the radiophannaceuticai chemistry pro-
gram principally for the production of l9lOs-»19!lBIr generators and, on
occasion, long-lived radiotracers such as MBr and 7SSe. The tandem Van
der Graaff is used for determinations of excitation functions and nuclear
measurements requiring precise control of the projectile energy.

The hot-laboratory space is separated, with a specific area assigned for
the short-lived positron emitters and the synthesis of radiophannaceuticals
for humar. use. Another laboratory is assigned to the other radionuclides
listed in Table 1. An appropriately equipped laboratory in the Chemistry
Building is devoted to the processing of and research with astatine-231 and
other alpha emitters. The PET VI was built from the design of the tomo-
graph constructed by M. Ter Pogossian at Washington University
(St. Louts, Mo.) and is a BNL facility operated jointly with New York
University under the direction of A. P. Wolf.
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TABLE 1

Summary of Radionuclides and Production Methods

RatioaadMe

"c
13N
i s o
I 8 F

38 K

45Tj
73Se
75Br
7 7 Br
78Br
77Kr
8 1 Rb- 8 1 m Kr
92Tc
93Tc
121,
.23,

I 9 l O s - 1 9 1 m I r
1 9 5 m Hg- 1 9 5 Au
203pb
2 1 'At
2 U R n - 2 1 1 A t

20.5 min
10.0 min
122 sec
110 min

7.6 min
47 years-3.9 hr
3.1 hr
7.1 hr
97 min
57 hr
6.5 min

1.2 hr
4.6hr-13sec
4.4 m
2.7 hr
2.1 hr
13.1 hr

15.1 days-4.9sec
40 hr-30.5 sec
52 hr
7.2 br
14.7 hr-7.2 hr

Pref erret mctkw

'*N(p,a)
13C(p,n), ' 'O(p,a)
14N(d,n), ' N(p,n)
20Ne(d,o), l8O(p,n)

•""AKp^n)
5lV(p,2p5n)
45Sc(pji)
72GepHe,2n)
7*Se(p,n)
7*Se(p,2n), 77Se(p>n)
78Se(p,n)
79Br(p,3n)
natKr{p)xnl
92Mo(p]n)

Mo(p,7)
122Te(p,n)
124Te(p,2n), l23Te(p,n)
mOtf.D,v)
'97Au(p',3n), 194Pt(«,3n)
20371(d,2B)
209Bi(a,2n)
209Bi(7Li,4n)

PRODUCTION CAPABILITIES

Table 1 summarizes the radionuclides and the production methods used
to produce radionuclides for research at BNL and with collaborating insti-
tutions. Research with other new medical radionuclides is also in progress.
One stated purpose, however, of this symposium is to specifically address
the production and possibilities of a distribution program of radionuci&es
which are developing in clinical practice, have a half-life of ~ 2 to 72 hr,
and are not at present available or in adequate supply from commercial
sources. Our motivation is research. We have successfully produced and
transported short-lived radionuclides and labeled compounds to collaborat-
ing institutions for several years. The record is briefly summarized in the
following section, for the purpose of illustrating that we understand the
problems, frustrations, and mechanisms of transporting shortlived
radionuclides for medical research.
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TABU: 2

BNL Production and Off-Site Shipment*
of "Rb—MMKr Generators

FY

1978
1979
1980

Nwberof
Sfci|MM«tS

9
56
34

Nwberof
•iWovics
Mm*

49.5
1675
1420

•Burlison, 1982.

Rubidium-81 -HCrypton-81 m Generators

The BNL generator (Ruth et al., 1980; Li et al, 1979) is typically
loaded with >25 mCi of 8lRb (at time of use) although generators of
150-mCi capacity were prepared for equine pulmonary studies. Prior to the
introduction of 8IRb-»8linKr generators by Medi-Physics, Inc., in July
1981, we shipped generators for ventilation studies to four hospitals in
New York City; to Yale University, New Haven; Children's Hospital, Bos-
ton; and to the University of Illinois. The off-site shipments of
8IRb-»8"nKr f,,-e summarized in Table 2. The generators made for on-site
research are not included in the tabulation. We have developed an
automated 81Rb processing system for simultaneously loading as many as
nine generators without operator intervention.

.odine-123

We examined the 124Te(p,2n)123I nuclear reaction in detail (Kondo,
Lambrecht, and Wolf, 1977; Kondo et al., 1977) and demonstrated the
influence of the isotopic enrichment of >24Te target material and the opti-
mum production conditions for maximizing the production of m I and
minimizing the radionuclidic impurity of 124I. The (p,2n) reaction is the
best source of I23I when l23Xe-produced m I is not available. Our capabil-
ity in 1975 was documented by Lambrecht and Wolf (1976). We are not
at present producing 123I but have the capability to produce ISO mCi/h?
of separated 123I~ containing 0.6% of 1241 from a target of 99.87%
enriched 124Te.

This laboratory has advocated the use of I23I and has published 29
papers in efforts categorized in Table 3. Carrier-free 123IC1 was prepared
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T A B L E S

Summary of Iodine-123
Research Radiopharmaceutical

Chemistry Program at BNL

Category

Production and radiochemisfry
Quality control
Preclinical
U S. Patents

Labeled compounds (such as
amino acids, quinolines,
hippuran, and
hspatobiliary agents)

Synthetic precursors
'fl-iodide
123IC1, carrier free via 123Xe
l 2 3Xe— I 2 3I , for excitation labeling

NMberof

it
J
4
1

10

via 123Xe excitation labeling in 1972 (Lambrecht et a!., 1972) and was
subsequently adopted for large-scale production of the iodination reagent
at the Crocker Laboratory (Lagunas-Solar, this volume, page 203). We
are currently measuring the details of the 123Te(p,nl23I excitation function
with 88% enriched 123Te. The level of 124I appears to be about a factor cf
3 less than the obtained with ultrahigh enriched 124Te. However, —\% of
130I is coproduced, and this may be troublesome. Another factor is that 30
mg of 123Te target material at present costs $1000.

Astatine-211

The radionuclide decays with a 7.2-hr half-life and emits alpha radia-
tion with an average energy of 6.8 MeV, an average linear energy transfer
is 113 keV/pm, and an average range in water of 60 /am. Astatine-211 is
of interest in the development of radiophannaceuticals for therapeutic
applications (e.g., for cancer) and research in cell biology (by microdo-
simetry). Collaborative research (Bloomer et al., 1981) with 2llAt involves
regular shipments to Harvard Medical School, Boston. A feasibility study
with G. DeNardo of the Univei jty of California-Davis; is in progress. Our
production capability of 2llAt-£u'atide is at present 1.5 to 2 mCi/hr with a
7- to 10-^A beam current.
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TABLE 4

Bromine-77

BNLi

FY

1979
1980
1981

Production and Shipment*
of Osmium-191

Number of
shipments

13
IS
7

•Burlison, 1982.

Nmberof
millicories

shipped

10,725
22,050
10,650

The 60-in. cyclotron has been used to produce 100-mCi batches of 77Br
by the 78Se(p,2n)77Br reaction. The radionuclide was obtained as bromide
in a radiochemical yield of ~98% and a radionuclidic purity of 98.9% in a
radiochemical separation time of >4 hr, which also permitted the recovery
of the enriched 78Se target (Madhusudban et al., 1979).

Fluorine-IB
Fluorine.-18 (T|/2» 110 mini) has bsen transported by air to the

National Institutes of Health, Washington, D. C; the University of
Pennsylvania, Philadelphia; Massachusetts General Hospital, Boston; and
the Veterans Administration Hospital, Buffalo, N. V. In fiscal year 1981
the 45 shipments (Burlteon, 1982) totaled 862 mCi of 18F, principally in
the form of 2-iluoro-2-D-deoxyglucose. The JSW 1710 cyclotron and the
18O(p,n)18F nuclear reaction are anticipated to produce ~ 1 Ci of I8F
fluoride per run at a theoretical (Ruth and Wolf, 1979) production rate of
260 mCi//iA.

Osmium-191
Prior to the depletion (National Academy of Sciences, 1982) of isotopi-

cally enriched l90Os from the Sales Pool at Oak Ridge National Labora-
tory, we regularly produced (Burlison, 1982) and shipped '"Os for col-
laborative effort directed by S. Treves et al. (1980) for the development
of the l9lOs-»l91mIr generator (Table 4). Cross-section measurements of
the combined w:Ir(d,a) and 193Ir(d,a2n) reactions with the BNL 60-in.
cyclotron did not offer promise of an alternate method to produce I9lOs
(Table 5). The expected production rate on a 292.9 mg/cm target of ind-
ium metal (ED, 23.0 to 17.6 MeV) is only 0.67 jtCi/jiamp-hr.
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TABLES

Cross Sections for the
l"Ir(d,a)1"Os and

W3Ir(d,a2n)1»1Os Nuclear Reactions

ED, MeV«

22.8

22.3
21.7

20.3
19.8

19.:

18.5

17.8

17.2

-w
21.2
18.5
17.7

17.8
18.7
19.1

20.5
21 3
23.0

•Plus cr mir.us 0.1 MeV.

Selenium-73, Titanium-45, and Lead-203

We (Guillaume, Lambrecht, ind Wolf, 1978; Merrill, Lambrecht, and
Wolf, 1973; 1978) have determined the cyclotron irradiation and
radiochemical separation parameters for the production of 73Se (Ti/2, 7.2
hr), 45Ti(T1/2, 3.1 hr), and M3Pb (T, /2, 52 hr).

CONCLUSION

The radiopbarmaceutical chemistry program at BNL is comprised of a
multidisciplinary team. The team includes D. R. Chmtman and
co-workers at the PET VI and J. S. Fowler and co-workers with organic
synthesis and the preparation of human use rsdiephannaceuticals. We
have the expertise, the technical capability, and the organizational ability
to fully utilize the production capabilities of the available accelerators for
medical radionuclide development and radiopharmaceutical research. We
can and will continue to be responsive to the national interests expressed
through the U. S. Department of Energy.
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Feasibility of Short-Lived Radionuclide
Production at Fermilab

R. K. TEN HAKEN, Ph.D., M. AWSCHALOM, Ph.D., and I. ROSENBERG, Ph.D.
Neutron Therapy Facility, Fenn; National Accelerator Laboratory,
Batavia, Illinois

ABSTRACT

The requirements for establishing a short-lived radionuclide production program at Fermilab
are explored. Such a program would utilize beam from the linac portion of the injector much
like the present Neutron Therapy Facility. It should be possible to use approximately 10 to
20 uA of 66-MeV protons for iodine-123 production. Several additional magnets would need
to be acquired and a shielded target facility would need to be constructed. However, the fea-
sibility of establishing such a program hinges upon its harmonious operation with the high-
energy physics program.

The Fermi National Accelerator Laboratory (Fermilab) is operated by
Universities Research Association, Inc., under contract with the Depart-
ment of Energy. The laboratory's purpose is to explore the basic structure
of matter through high-energy physics (HEP) research. When appropriate,
other activities such as treating cancer patients with neutrons can harmoni-
ously coexist with that primary mission, fn addition, a group known as the
Fermilab Industrial Affiliates has recently been formed to stimulate the
transfer to private industry of spin-offs from Fermilab's basic research.
Areas of technological development have included superconductivity, cryo-
genics, data processing, computer hardware processing, computer controls,
fast electronics, ion beams and sources, high-power radiofrequency designs,
cryogenic vacuum technology, and particle detectors.*

The present 400-GeV proton accelerator system in actually composed of
four accelerators working in series. Electrons are added to hydrogen atoms
in an ion source contained in a Cockcroft-Walton generator. The H ions

'Further information about the Fermilab Industrial Affiliates is available from John A.
McCook at the Director's Office.
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emerge with an energy of 750 keV and enter a 500-ft-long linear accelera-
tor (linac) which accelerates them to 200 MeV. Next, the ions are
injected into the booster synchrotron where they are stripped of their elec-
trons, leaving protons. This synchrotron is a circular, rapid-cycling
machine approximately 154 m in diameter. The protons are accelerated to
8 GeV and then extracted and injected into the main synchrotron, which
is 2000 m in diameter, where they are accelerated to 200 to 500 GeV.

Neutrons for cancer therapy are obtained by extracting 66-MeV H~
ions from the linac and having them impinge upon a beryllium target
22 mm thick. This is accomplished approximately midway down the linac
by means of a bending magnet (Fig. I). It is also the location at which
ions would be removed for production of short-lived radionuclides (SLR's);
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they, however, would be extracted in the direction opposite (antiparalle!)
to that of the beam going to the neutron target This new beam would
hav. to pass through the linac housing walls. Then a facility would have to
be constructed to utilize the H~ beam. The beam extraction would be
accomplished by replacing the present unilateral 58° bending magnet with
a Y-shaped bilateral extraction magnet and by constructing another beam
line complete with 32° magnet and quadrupoles.

Operation of the neutron therapy facility (NTF) or of an SLR facility
in conjunction with the primary laboratory mission of high-energy physics
(HEP) is possible due to the main-accelerator cycling time of 10 to 20 sec,
dictated by physical considerations and electrical power consumption
(Fig. 2). Except when accelerating particles to fill the booster, the linac
and ion source are on standby waiting for the main-accelerator cycle to be
completed. During those intervals beam is extracted from the linac for the
NTF. With an appropriate beam line, 66-MeV H~ could be made availa-
ble for other purposes such as m i or other high-threshold radionuclide
production. The booster requires 1 sec of linac operation per main ring
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cycle. The NTF bending magnet requires 1 sec to ramp up or down.
Therefore out of each main ring cycling time, only 3 sec are unavailable
for other uses. Of course, during those periods when the main accelerator
program is not operating, the linac is available without interruption except
for scheduled maintenance.

The linac produces a pulsed beam at a rate of 15 pulses per second.
Beam pulses are 45 to 50 jisec in duration and have peak currents of 16 to
32 mA. Therefore typical average currents available for the NTF or SLR
production are in the range of 12 to 22 ii\ when the HEP program is not
running; the currents are reduced by at most 50% when the main accelera-
tor is in operation.

Modifications required for construction of a beam line for an SLR pro-
duction facility include fabrication of the ± 58° magnet and the 32° mag-
net previously mentioned as well as the purchase of six to twelve quadru-
pole magnets and a complement of power supplies. Also, installation of a
vacuum system from the linac through a hole in the existing linac berm
would be required. Furl K nore, a shielded target enclosure outside the
linac shielding would need to be constructed. The facility would be located
next to a parking lot in an area with a high water table, requiring shield-
ing not only laterally and above but also below. Other considerations
include controls, electrical power, and water as well as construction of a
temporary facility for housing personnel and some dry chemistry. Initial
back-of-the-envelope computations estimate the cost of constructing such a
facility in 1982 dollars to be between $0.2 million and $0.3 million not
including contingencies, chemical paraphernalia, or targets. Operational
costs have not been estimated.

The feasibility of establishing a facility for SLR production hinges on
the availability of the linac and on *". ?w such a program would fit in with
the primary mission of the laboratory. The linac is available 168 hr per
week except for scheduled maintenance that typically does not exceed one
or twc shifts per week and HEP requirements. The laboratory may be
reluctant, however, to make a commitment for the routine production of
SLR's, owing to its understanding of the requirements for reliable
scheduled delivery of targets. But the laboratory is also interested in estab-
lishing industrial liaisons. It would be willing to explore feasible industrial
proposals, especially with regard to developing a research-type facility
Where the technology and methods developed at Fermilab could be used
elsewhere.
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Short-Lived Radionuclides Produced
on the ORNL 86-Inch Cyclotron
and High-Flux Isotope Reactor

EUGENE LAMB
Radioisotope Department, Oak Ridge National Laboratory, Oak Ridge, Tennessee

ABSTRACT

The production of short-lived radionuclidcs at ORNL includes the preparation of target
materials, irradiation on the S6-in. cyclotron and in the High Flux Isotope Reactor (HFIR),
and chemical processing to recover and purify the product radionuclidcs. In some cases the
target materials are highly enriched stable isotopes separated on the ORNL calutroas. High-
purity 123I has been produced on the 86-in. cyclotron by ii nutating an enriched target of
'"To in a proton beam. Research on calutron separations bas !*d to a l23Te product with
lower concentrations of IMTe and l ! Te and, consequently, to lower concentrations of the
unwanted radionuclides, l a l and 126I, in the 123I product.

The 86-in. cyclotron accelerates a beam of protons only but is unique in providing the
highest available beam currant of 1500 pA at 21 M*v "!"'i> t«am current produces rela-
tively large quantities of radionuclides such as I2!I and *7Ga. For example, a production rate
of 250 mCi of '"I per hour of cyclotron bombardment has boon achieved. The HFIR is
heavily utilized to produce radionuclides for medical and industrial applications. The HFIR
operates at 100-MW power level and has thermal neutron fluxes ranging from 0.S to
2.5 X 10" neutrons cm~~2sec~' in radioisotope production positions. This range of neutron
flux results in relatively high production rates of radionuclides with high specific activities.

The extent of this part of the program we production types are bringing
you here reminds me a bit of the little girl who was assigned a book report
by her teacher. So she checked out a book on horses, her current interest,
from the school library. A week later she submitted her report which read,
"I read a book on horses. This book told me more about horses than I
wanted to know." So we production people may be bringing you medical
people more than you really want to know about the production of short-
lived radioisotopes. But if you bear with us, you may derive some tidbits of
interest.

Reflecting on this presentation, I was reminded that August 1981
marked the thirty-fifth anniversary of the first shipment of radioisotopes
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from Oak Ridge National Laboratory (ORNL). This particular shipment
was carbon-14, and it was sent to a hospital. I was also reminded that this
year, 1982, marks the twentieth anniversary of the initiation of the devel-
opment of iodine 123 as a production method on the 86-in. cyclotron,
made at Oak Ridge National Laboratory. This particular program was
undertaken at the recommendation of Dr. William Myers. So you can see
that we have had a strong affinity and a strong interest in providing prod-
ucts and services for the medical community ever since we have been in
existence, and mis continues even to this day.

Something else I noticed in checking over previous correspondence and
reports was that in 1967 the then Division of Isotopes Development, prede-
cessor of Dr. Thiessen's present organization, directed ORNL to enter into
a program to develop the capability of producing iodine-123 and to
encourage its use. So we entered a two-year program during 1967 and
IW8 to produce a number of batches of I23I which were distributed to var-
:'oas medical institutions at no cost. At the end of 1968 we wrote to a
number of fwople who ordinarily buy radioisotopes, including those to
whom we jjwvided >J3I, to determine potential demand for ml. We got
very little response. In fact there was so little response the program was
discontinued, and we did not enter into a full-scale production program. It
is very encouraging to the Department of Energy and to us to see that the
interest in '"I has increased over the years and has come to this point that
a full program, or at least a good part of the program, is concentrated on
'"I production. But what I want to do here is to explore with you some
aspects of the ORNL isotope program as it relates to short-lived radionu-
clide production.

We cover several different aspects which include the production of the
target material which is so important to short-lived radioisotope produc-
tion. That is the separation of stable isotopes on the caiutrons. We cover
the production of radionuclides in the reactors, and we have a good high-
flux reactor at ORNL. We also produce radionuclides in the 86-in. cyclo-
tron as an irradiation service.

Stable isotopes are enriched by the electromagnetic separation method
using the caiutrons that Dr. Wellman mentioned yesterday. Many of the
stable isotopes, as you already know, are used as target material for the
production of many short-lived radionuclides because the separated iso-
topes decrease unwanted radionuclide production, increase specific activity,
and increase the production rate of the radionuclide (Table 1). Dr. WeU-
man yesterday showed you an external view of the caiutrons. I would like
to take you inside one, at least schematically, and see how it looks inside
(Fig. 1). We have to have a source of ions. To form these ions, there is an
oven which heats a compound and vaporizes it The vaporized material is
forced through an arc where the atoms are ionized and injected into a
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TABLE1

Production of Radioisotopes
from Enriched Stable Isotopes
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magnetic field that is perpendicular to the screen. The ions, which are
accelerated at a 35-kV potential, travel a curved path from which the
heavier ions will be deflected less than the lighter ions. Nuclides of differ-
ent weights can be collected in receiver "pockets" that are precisely posi-
tioned to collect the desired nuclide.

Now it is plain to see that this is a discontinuous or a batch process as
opposed to a continuous isotope separation process. You might say it. is an
atom picker. It can reach in and pick an isotope from the middle out of
isotopes on either side. That makes it good for certain specific applications.
The fact that it is discontinuous means that the separation proceeds in
quantum jumps insofar as the isotope enrichment goes. For example, on
the first pass through the calutron, you might obtain 90% enriched mate-
rial. If you wanted to go to 99.5% enriched material, then you would have
to use that product as feed material and go through the same procedure in
a second pass.

Of course, the cost goes up by a quantum jump, too, because we find
that about a factor of fivefold to tenfold increase in unit cost would occur
in the second pass. Of course, this is due to the fact that first-pass mate-
rial which is fairly expensive is lost as unresolved material on the liner of
the inside of the calutron. About 10% of the material would be in the
pocket as product. The material lost on the liner is recovered because the
enriched isotope is too costly to allow it to be discharged to waste, and the
process losses enter into that final cost of the second-pass material. This is
why extremely high enrichments of l24Te or mTe, in the 99+% range, arc
quite expensive.

We shall also examine the effect of some stable-isotope production
development work on 123Te purity. In 1967 we made some cyclotron bom-
bardments of 79.2% 12Te, which resulted in the levels of I24I and I26I
shown in Table 2. The target was run at 185 pA> 15-MeV protons.

We now have material which is 89.39% l23Te, and the l24Te and l26Te
are decreased commensurately. It can be calculated, as Homer Hupf has
indicated at this meeting, that one can achieve about 0.24% 124I at end of
bombardment, which is a reduction of almost 4 from the previous mate-
rial. Incidentally, this increase in purity of mTe came as a result of a pro-
gram which was funded by Dr. Thiessen's group, so you can see that the
Department of Energy is interested in serving the medical community, in
being responsive to your needs, and in providing better I23I. This Table 2
could lead to an observation that by going to another quantum jump, say
second-pass material, and by achieving 99+% I23Te, then quite pure I23I
could be produced with quite low 124I and I26I. Of course, there would be a
balance between what you are willing to pay for the increased cost of
high-purity I23I and the improvement gained in the diagnostic procedure
by using it.
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TABLE 2

Effect of Improved Tellurium-123 Purity
on Iodine-123 Purity

Fsotopic analysis RadionuclMe composition
of target of product

Experience Based on IUTe Parity is 1967*

79.2% Tellurium-123 98.8% Iodine-)23
5.1%Tellurium-124 0.88% lodine-124
4.9% Tellurium-126 0.075% Iodine-126

Calculatfoo Based on '"Te Purity ia 1981

89.39% Tellurium-123 99.64% Iodine-123
1.59%Tellurium-124 0.24% Iodine-124
2.72% Tellurium-126 0.12% Iodine-126

•Target-run conditions: 2 hr at 185 /iA,
15-Me V protons; purity as of end of bombard ment.

Now I would like to emphasize what Dr. Wellman says, that there is a
problem in the availability of many stable isotopes because of the limited
production capacity we have at ORNL. This is a problem that the Depart-
ment of Energy is working on as well as we, and we hope, at least some-
time in the forseeable future, to have this resolved.

Next we turn to reacjr production. We operate both the Oak Ridge
Research Reactor and the High Flux Isotope Reactor at Oak Ridge
National Laboratory. I shall concentrate just on the HFIR, as we call it,
because it is the workhorse of the radioisotope program. It is operated to
provide neutrons and heavy elements for research and to produce radioiso-
topes not available from private industry. The HFIR operates at 100-MW
power level and has thermal neutron fluxes ranging from 0.5 to
2.5 X 10" neutrons cm~2 sec"1 in our production positions. We can irra-
diate for "o little as 1 hr in a hydraulic tube, and the samples are intro-
duced and withdrawn while the reactor is operating. Other positions
require irradiations in 21-day increments. Table 3 lists several short-lived
radionuclides used in nuclear medicine which are reactor produced.

Now we turn to the 86-in. cyclotron which is dedicated to service irra-
diations for the production of radionuclides. This is an important distinc-
tion because we do not perform the processing on the irradiated target.
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TABLE 3

Some Short-Lived Radionuclides, Used
in Nuclear Medicine, Produced by the

ORNL High Flux Isotope Reactor

RadtoMclMe Half-life

l 9 1 Os- l 9 1 m Ir 15.3 days to 4.89 sec
" 3 S n - " 3 m I n 115 days to 1.658 hr
"Mo- 9 9 n l Tc 66.02 hr to 6.02 hr
MCu 12.71 hr
43K 22.3 hr
l 3 5 m Ba 28.7 hr
97Ru 69.4 hr
^ S r - 9 ^ 28.5 years to 64 hr
47Ca 4.53 days

Listed are some of the operating characteristics of the cyclotron and the
prices charged for irradiation services:

Operating Characteristics of the
ORNL 86-lKh CyctotroB

Acceleration Protons only
Maximum beam current 1500 jiA at 21 MeV
Reactions (p,n), (p,2n), (p,pn),

and (p,«)
Prices $200/hr for first 500 or

$190/hrfor501 to 1500 hr
$180/hr for >1500 hr
$35O/target for target

installation(target materials
and fabrication are extra)

Table 4 lists a number of short-lived radionuclides that have been pro-
duced over the years on the 86-in. cyclotron. Of those listed we concen-
trate on producing those which are of interest to us here, the short-lived
radionuclides. Gallium-67 can be produced at a rate of ~ 1 Ci/hr and
iodine-123 at 2S0 mCi/hr, whereas indium-Ill and geraanium-68 can be
produced at 50 mCi/hr and 3 mCi/hr, respectively.
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TABLE 4

Several Short-Lived Radionoclides Produced
on the ORNL 86-Inch Cyclotron

RidioMcKde

.23,

86y
165Tm
57Ni
4SSc
170Lu
203p b

Half-life.
ki

13.2
14.74
30.06
36.1
43.7
48.5
52.1

Rrtkmctife

77Br
^""Sc
m H g
191Pt
' " i n
2 0 1 n
67Ga

Half-life,
fcr

57.0
58.6
64.1
67.2
67.9
73
78.3

Table 5 focuses on the IMI production experience in which we used a

79.2% 123Te target weighing 425 mg. We achieved a cyclotron production

rate of 250 mCi/hr and obtained a chemical process yield of —85% and a

target recovery of 95%.

TABLE 5

Iodine-123 Production Experience
on ORNL 86-Inch Cyclotron

Reaction
Beam
Target

Cyclotron yield
Chemical process yield
Target recovery

J23Te(p,n) I23I
180 <iA, 15 MeV in target
425 mg of tellurium metal,

79.2% tellurium-123,
5.(* tellurium-124,
sealed in aluminum capsule

250 mCi/hr
- 8 5 %
95%



A Mulficurie, Transportable, Integrally
Shielded 123Xe—1^3l Generator
and Processing System for High-Purity
Iodine-123 Production

MANUEL C. LAGUNAS-SOLAR, Ph.D.,* HARVEY L. THIBEAU,*
CHARLES E. GOODART,* FRANK E. LITTLE, Ph.D.,' NEAL J. NAVARRO,*
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Davis, California, and tBencdiel Nuclear Pharmaceuticals, Inc., Golden, Colorado

ABSTRACT

An integrally shielded mXe—I23Z generator system has been designed and tested under pro-
duction conditions for <ts suitability as a multicurie handling device from which to produce
radiopharmaceutical-quality high-purity no-cerrier-added (NCA) i a I . The laXc-» l23I genera-
tor system is expected to provide an alternative to current techniques and to increase the
availability and reliability of high-purity I23I madt via the l2'I(j>,Sn)l;L'Xe—-I23I nuclear reac-
tion.

The generator system is based on the Crocker Nuclear Laboratory's continuous-flow pro-
duction system which has been operating since 1974 for the multicuric production of 123I. The
generator system, which consists of an integrally shielded xenon trap and separate loading
and processing apparatuses, is simple and reliable to operate, can be adapted to computerized
control, and provides a safe working environment for the repeated handling of multicuric
a; rants of Xe-I radioactivities.

Despite the unquestioned advantages of 123I as a radiotracer in diagnostic
nuclear medicine as well as the numerous research efforts to develop
l23I-labeled radiopharmaceuticals, its use has been rather limited relative
to its potential. At present most 123I in the United States is commercially
produced via the 124Te(p,2n)l23I nuclear reaction and is used to manufac-
ture I23I sodium iodide for thyroid studies. The use of the 1MTe(p,2n)
reaction allows most commercial accelerators with 22- to 28-MeV proton
beams to produce large quantities of I23I for medical applications.
Research with high-purity 123I produced indirectly from its 2.1-hr l23Xe
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parent, via the l27I(p,5n)l23Xe-*123I reaction, has demonstrated that the
indirect 127I(p,5n) procedure is the best method to prepare labeling-quality
123I for use in radiopharmaceuticai syntheses. The 127I(p,5n) method, how-
ever, is limited to >55-MeV proton accelerators, which are not yet avail-
able in the commercial sector. An integrally shielded I2JXe-»'23I generator
system, able to handle multicurie levels of xenon and iodine radioactivities
and transportable within current regulatory requirements, has been
developed by the Crocker Nuclear Laboratory's (CNL) Radioisotope Pro-
gram, at the University of California at Davis (Calif.). In addition, a
semiautomated processing apparatus, which can be used at other locations,
to process the generator and to recover the high-purity 123I has also been
designed, constructed, and tested. The 123Xe-*l23I generator and the
loading-processing apparatus permit simple, rapid, and safe operation,
with quantitative recovery of I23I. Solutions with 123I radioactivity concen-
trations in the curie-per-milliliter level can be obtained by using a variety
of aqueous or organic solvents.

DESIGN AND OPERATION

The generator-loading portion of the >23I system is an addition to the
preexisting remote system for large-scale high-purity I23I production which
has been in operation as a continuous-flow system since early 1974 at the
Crocker Nuclear Laboratory (CNL), University of California at Davis
(7 , -nas-Solar et al., 1979). The system consists of the following three
distinct but interconnected components:

• The target and chemical purification components, located inside the
cyclotron vault.

• The trapping, cryogenic pumping, and decay "freeze-pump" com-
ponents located in the chemistry laboratory.

• The generator-loading component (shown schematically at the center
of Fig. 1 and photographically in Fig. 2), which is located in the
radiochemistry laboratory and adjacent to the freeze-pump unit.

The design, description, and operation of the target and freeze-pump units
have been reported by Lagunas-Solar et al. (1979) and by Jungerman and
Lagunas-Solar (1981); they are further described with the latest modifica-
tions and operational experiences by Lagunas-Solar in this volume (page
203).

Shielded Generator System

The generator vessel consists of two parts, i.e., a collection trap and an
integral shield, and is shown in Fig. 3. The shielding in the prototype gen-
erator is of lead encased in stainless steel. The production models will be
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fabricated with depleted-uranium shielding. This will result in an increase
in effective shielding with no added bulk.

The shielding consists of the outer shield body and bolt-on lid and the
inner, removable trap shield which also serves as a base for attaching the
xenon-collection spiral trap. The spiral-trap well is surrounded with lead:
3.8 cm in the bottom, 4.2 cm in the sidewall, and 6.0 cm in the trap shield
above the spiral-trap well. The sidewall shielding above the spiral-trap well
is reduced to 2.9 cm of lead. However, because of the spiral-trap shield,
the minimum effective sidewall shielding for the radioactivity in the spiral
trap is 4.2 cm of lead The bolt-on lid shield, 2.5 cm of lead, serves as
shielding for any gaseous radioactivities that might diffuse into the lines
above the spiral-trap shield to the valves. Because of the relative volumes
of the lines above the spiral-trap shield compared to the total volume of
the trap, only a small fraction of the radioactivity could be present above
the spiral-trap shield.

The spiral-trap shield has penetrations for the inlet and outlet to the
spiral trap as well as for liquid nitrogen (LN) filling and a temperature
sensor (not shown in Fig. 3). These penetrations are slanted through the
spiral-trap shield such that no direct leak is provided for radiation expo-
sure and to maximize the pathway for indirect or scattered radiation. In
addition, the spiral-trap shield is recessed so that the entire trapping sys-
tem, including the manual valves and the double-ended shutoff quick-
disconnect couplers, lies below the line-of-sight level of the outer shield
body. Space for a 125-ml LN dewar is provided in the bottom of the outer
shield cavity.

The xenon spiral trap is made by coiling a 1.5-m length of 3.2-mm OD
316-stainless-steel tubing. The inlet and outlet tubes pass obliquely
through the spiral-trap shield and are welded into the manual va'.ves that
are securely attached to a support platform on the spiral-trap shield. Thus
the spiral trap is integral with the trap shield and is suspended from the
trap shield into the LN dewar.

Two O-ring-sealed stainless-steel manual valves provide the primary
containment for the Xe-He mixture during shipment of the generator. The
two double-ended shutoff quick-disconnect couplers serve as secondary
containment, whereas the lid shield is sealed with two O rings to prevent
escape of radioactive gases to the environment should a leak develop in the
spiral trap during shipping.

Generator-Loading Flow System

The generator-leading box has been designed with two filling stations
(generator 1 and generator 2) so as to enable switching immediately from
one generator to the next without any break in the collection operation.
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The filling ports are located in two separate and well-shielded enclosures.
These enclosures are positioned side by side, which allows a single, com-
mon Xe-He loading manifold (solenoid valves 20 to 25 in Fig. 1) to be
used to select the Xe-He gas-flow direction to either of the generator
enclosures. This single manifold is located in a box attached to the genera-
tor enclosures. The Xe-He stainless-steel lines pass through the walls of
the manifold box into the individual generator enclosures which are sealed
to the room and vented to an exhaust system to assure proper safety to
working personnel.

The roof of each enclosure has penetrations for remote tools used to
operate manual valves (open-close primary closure) on the generator and
the double-ended shutoff quick-disconnect couplers that provide a second-
ary closure to the box ambient as an added safety feature. A roof penetra-
tion is also provided for the gravity-filled LN filling system. All penetra-
tions are sealed with slip-fitted O-ring seals. Each generator enclosure is
sealed with a plastic door at the front and is connected via HEPA filters
to an exhaust system that is continually monitored for the presence of
l23Xe,

In addition to the shielding provided by the depleted uranium on the
generator unit itself, a minimum of 5 cm of additional lead shielding is
stacked on all sides of each of the enclosures and includes massive, lead-
filled shielding doors that provide access to the front of the generator-
loading box (Fig. 2).

The 123Xe-He gas stream is brought from the target inside the cyclo-
tron vault via doubly contained 3.2-min OD 316-stainIess-steel tubing
through a counting loop positioned in front of a Ge(Li) detector (used for
in-production on-line quality-control counting procedures) into the collec-
tion systems. The chemistry laboratory terminus of the Xe-He line is at
the box housing the freeze-pump component of the system (Fig. 1: valves
1A, 1,4, 16 to 19, and spiral traps 1 to 3). There the three-way valves 16
and 17 are used to select the incoming Xe-He gas flow either to the
generator-loading manifold or directly to the spiral traps of the freeze-
pump system. In this simple manner either of the two operational pro-
cedures can be easily selected so as to operate: filling the generators or
using the freeze-pump mode described by Lagunas-Solar et ai. (1979).
Once the radioxenons are cryogenically trapped into the generator spiral
trap (Fig. 3), the pure helium-gas flow returns from the generator-loading
manifold to the spiral traps 1 to 3 that are cooled to LN temperature
(—77°K). The spiral traps provide a necessary radiation safety feature to
ensure that no xenon radioactivities are lost from the system. In addition,
the helium-gas stream is vented into a 60-liter Mylar bag before .releasing
it into the absolute filtered and monitored exhaust system. Valve 1A is the
collection system on-off valve.
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Three-way valves 20 and 21 are controlled as a unit and act to select
either the generator 1 or generator 2 filling stations. Valves 22 and 23
(fo.- generator 1) and 24 and 25 (for generator 2) control the flow to apd
from the double-ended shut-off quick-disconnect couplers that join the
flow lines to the generator (see No. 5 in Fig. 2).

During generator loading, the flow is through valves 1A, 16, 18, 20, 23,
22 (for generator 1); or 25, 24 (for generator 2); 21, 17, 1, 2, 3, and 4.
After end of collection in the generator mode of operation, all xenon
radioactivities are purged from the lines between valve 16 and the selected
generator by a pure helium-gas flush introduced via valves 19 and 18. To
prevent reverse flow through the target during helium flushing of the lines,
valves 19 and 18 are locked out when valve 1A (the system valve) is on.

Ail two-way and three-way valves are remotely actuated, electrically
operated, normally closed, stainless-steel solenoid valves. The entire system
operation could be adapted to microprocessor control.

Iodine-123 Processing System

The I23I processing system is functionally divided into three parts. A
schematic of the processing system including the generator is shown in
Fig. 4, and a view of the front of the processing station with the generator
is shown in Fig. 5.

The processing system is designed to fit into a laboratory hood and to
be self-contained. All gaseous radioactivities are passed through cryogenic
traps before venting into the hood. Also, all valves in the system are
stainless-steel solenoid valves which are controlled from a single console
attached to the system. The xenon removal, 123I elution, and generator
wash are all independent functions and must be connected separately
through the double-ended quick disconnects. The undecayed xenon
radioactivities at the time of final processing are separated from the U3I
radioactivity, either by vacuum pumping or by a helium-gas flush while
the spiral trap is kept at dry-ice-acetone temperature (about 195°K). The
purified l23I radioactivity is then dissolved with the desired aqueous or
organic solvent by simply flowing the solvent through the spiral trap by
use of a peristaltic pump. This process is more efficient when both the spi-
ral trap and the solvent are heated. All these procedures are easily per-
formed with the processing system's switchboard control panel (item 5 in
Fig. 5).

The vacuum system consists of a mechanical pump and two vacuum
lines, one for pumping and cryogenically trapping the Xe-He mixture
from the generator, and the other for pumping and trapping any residual
liquids from the generator cleaning process.

Because all xenon radioactivities in the processing system are contained
either in the integrally shielded generator or in the LN-cooled copper
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traps, only the dewar containing the copper traps needs to have substantial
shielding (10 cm of lead on all sides). The receiving flask for the I23I elu-
tion needs only minimal shielding for the 159-keV gamma radiation from
the I23I decay.

After the generator has been positioned on the processing station, cold
acetone from a dry-ice-acetone bath is pumped into the LN dewar of the
generator with the two-channel pump via the LN fill tubs; the remaining
radioxenons are evacuated from the spiral trap into two large-volume spi-
ral traps made from 4-m-long, 6.4-mm OD copper tubing. These traps are
in a LN bath and serve as permanent storage for the radioxenons and
their decay products.

The second function of the processing system is the recovery of the 123I
from the trap. For this the cold acetone is returned to its reservoir by re-
versing the two-channel pump. Hot air is introduced into the generator
devvar via the LN fill tube to warm up the trap, and the 123I is then eluted
from the walls of the stainless-steel spiral trap with hot 0.17V NaOH or
other solvent pumped through the two-channel pump and collected in a
lead-shielded receiving flask.

Before reusing the generator, the trapping system is chemically cleaned
by using the two-channel pump to flush the stainless-steel tubing and
valves with various aqueous and nonaqueous solvents. Any solvent that
adheres to the walls is removed under reduced pressure and trapped in a
cryogenic trap in the vacuum line shown in Fig. 4, while the generator
system is warmed with hot air.

ON-LINE QUALITY-CONTROL METHODS

The generator system is provided with an on-line quality-control com-
ponent that functions both to assure the radionuclidic quality of the
generator-produced I23I product and to measure the amount of l23Xe
loaded into the generator and hence the yield of I23I expected at process-
ing. For this purpose a loop is made in the Xt-He line between the target
and the collection systems and is mounted in a fixed geometry relative to a
Ge(Li) detector as shown schematically in Fig. 1. The signal from the
detector is routed through amplification electronics and then to one of the
systems shown in Fig. 1 as primary or backup. For the primary system the
ND-66 multichannel analyzer (MCA) provides analysis control. The line is
counted for a preset time, and the areas of the peaks of interest for the
xenon radioisotopes are integrated and the information is sent via serial
port to a PDP 11/44 minicomputer. Programs running oa the PDP 11/44
computer update continually the yield and purity of 123I expected at sev-
eral possible processing times. Storage of information is afforded by either
floppy-disk medium at the ND-66 or magnetic tape output from the PDP
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11/44 computer. In addition, graphs and/or printed copy of results are
available.

The backup system functions in the same way, the only difference
being that all data reduction and acquisition control are through the PDP
15/40 minicomputer. Graphs and/or printed copy of results are available
from the backup system, and storage of information is on magnetic tape.

RESULTS OF TRIAL EXPERIMENTS

Several low-level (<5-/tA beam) short-duration generator-loading and
processing experiments have been performed by using the lead-shielded
prototype generator. These runs gave excellent results. Recovery of I23I
from the generator has been >96% with an initial 5-ml wash followed by a
second 10-ml wash, with >90% of the activity in the first 5-ml wash.* The
radiochemicai purity has been >98% iodide, and the product is stable for
at least 4 days. Also, I23I sodium o-iodohippurate has been prepared using
123I from these experiments with labeling yield in excess of 99.5%.

In addition, a 6-hr low-level (<5-/iA beam) experiment gave identical
percent of recovery and radiochemicai results. Finally, a 12-hr high-
intensity (15-pA beam), simulated production run, which resulted in >2.9
Ci of I23I present in the generator at the maximum 123I in-growth time of
6.7 hr past end of loading, also gave identical percent of recovery and
radiochemicai results. No evidence of xenon breakthrough from the gener-
ator was observed, as determined by monitoring spiral trap 1 for the pres-
ence of l23Xe, which indicated that the generator can be loaded continu-
ously without saturation.

CONCLUSION

An integrally shielded, transportable 123Xe-*123I generator with the
necessary loading and processing systems has been developed and tested at
CNL for the production of multicurie amounts of high-purity 123I. Several
advantages to this 123Xe—»I23I generator system result: increased I23I pro-
duction yields, improved personnel radiation safety in multicurie-level pro-
duction runs, and the possibility of increasing the availability of high-
purity 123I in the United States. First, when the parent 123Xe is produced,
about 25% of the l23Xe radioactivity is currently lost when using the
freeze-pump operational mode during decay prior to pumping the xenon

'Since routine production began in September 1982, based on the generator technique,
washes of 2 ml each have yielded >98% iodine-123 recovery.
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onto evacuated decay vessels from which the 123I is recovered. Second,
overall 125I decay losses will be minimized by shipping the generator sys-
tem to processing facilities. During this time the l23Xe—»I23I decay process
can be maximized. When properly timed, this will improve l23l yields to
the user by about 20%. Finally, the generator technique will allow
>5S-MeV accelerator laboratories without radiochemistry processing facil-
ities, and other laboratories without the beam capabilities, to enter into the
production, processing, and distribution of high-purity I23I. All these fac-
tors can result in increased availability of the (p,5n)-made I23I for research
and clinical applications.
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Cyclotron Production of High-Purity 123I
for Medical Applications via the
127l(p,5n)123Xe->123l Nuclear Reaction

MANUEL C. LAGUNAS-SOLAR, Ph.D.
Radioisotope Program, Crocker Nuclear Laboratory, University of California,
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ABSTRACT

The use of iodine-123 in nuclear medicine procedures is well documented in the scientific lit-
erature. Aiso, several methods for its production based on accelerator techniques have been
described. Although the majority of the I25I available is used for thyroid studies, the potential
of several specific-function iodinated radioactive drugs has brought up new evidence of the
need for high-purity labeling-quality 1OI. Indirectly made I23I via the 127I(p,5n)l!3Xe—mI
reaction produces I23I of >99.9% radionuclidic purity, with only 125I (<0.1%) as a radiocon-
taminant at time of processing. Targetry and radiochemical systems for multicurie '"I pro-
duction were developed at the University of California at Davis, where since 1974 the 76-in.
isochronous cyclotron of the Crocker Nuclear Laboratory has been used for routine biweekiy
production of high-purity no-carrier-added m I .

During the last decade, iodine-123 (Tw, 13.3 hr) has been widely recog-
nized as the best choice among the radioiodines for use in the synthesis of
a variety of diagnostic radioactive drugs. Originally suggested by Myers
and Anger in 1962, 123I and its production have been studied by a variety
of cyclotron methods based on several different charged-particle (p,d,«)
induced nuclear reactions.* For more than a decade, the scientific commu-
nity has been aware of the almost ideal physical characteristics of 123I for
scintillation-camera imaging. Its relatively known radicchemistry allows
for its incorporation into several organic compounds by utilizing synthesis
procedures similar to those derived from the application of reactor-made

•Fusco et al. (1972); Wcinraich, Schult, and StOckli.i (1974); Wilkins et al. (1975); Paans
et al. (1976); Cuninghame et al. (1976); Kondo, Lambrecht, and Wolf (1977); Syme et al.
(1978); Lambrecht, Fairchild, and Wolf (1978); Lundquist et al. (1979).
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iodine-131 (Tte, 8.04 days) and iodine-125 (T^, 59.7 days). This latter
association with 13II and/or i25I syathcsis procedures has also encouraged
many research projects whose main objectives were solely to utilize the
better 123I imaging properties to improve the quality of certain diagnostic
procedures.

In the United States and since the early 1970's, I23I has been available
for research and/or for medical use largely from a single private commer-
cial source and on a minor scale from several national laboratories and the
accelerator of the University of California at Davis. Other 123I sources
abroad, particularly in Canada and in Europe (i.e., England, Germany,
and Switzerland), have also committed substantial research resources to
the investigation of the potential of l23I-iodinatcd radioactive drugs.
Sources of I23I both in the United States and abroad, however, have
produced 123I with at least three different overall radionuclidic
compositions, making tfcs evaluation cf l23I-labeled radioactive drugs also
a matter of production source.

Despite the multiplicity of I23I sources and the consequent disparity of
overall qualities, I23I has been recognized as a desirable radionuclide label
for many radioactive drugs, particularly for those which can provide both
anatomical and functional information. Although only a few specific-
function 123I-labeled radioactive drugs are being investigated today, the
increased availability of an adequate form and purity of 123I will aid con-
siderably in the development of yet many other potential radioactive: drugs.

Because the need for high-purity I23I is expected to increase, the choice
of the most adequate technology to produce it in large quantities is then
an important consideration in present and future trends in clinical
research. Its production technology is also a matter that needs to tc taken
into consideration for the engineering of forthcoming cyclotron or accelera-
tor technologies.

Of the many reported methods for 123I production, a general consensus
is that the l27I(p,5n)l23Xe-'-l23I indirect method developed at the Crocker
Nuclear Laboratory (CNL) of the University of California at Davis is the
method of choice for the production of 123I of high-radionuclidic purity.
Despite its limited availability in the United States and abroad, the
(p,5n)-made I23I has already been demonstrated to provide the best diag-
nostic information with current scintillation-imaging instrumentation and
with the minimal amount of radiation dose to the patient as compared to
any other forms of I23I.

At the University of California at Davis, the research needed to
develop the l27I(p,5n)l23Xe-*l23I nuclear reaction as a source of I23I was
suggested by Professor John A. Jungerman, and investigation began in
early 1971. A continuous-flow target-collection system was later designed
and built; routine, production-level operation began in late 1974. Since
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then and despite logistic Limitations, the CNL Radioisotopc Program has
been the only routine, biweekly available source of high-purity I23I in the
United States. The need for a reliable production operation was recognized
early in the program and resulted in the development and implementation
of several remote-system techniques to handle tens of curies of radioactive
xenon and iodine isotopes. Cyclotron targetry, radiochemistry, and several
of the remote-system techniques will be discussed, together with an analy-
sis of the system's reliability, production capabilities, and scheduling-
logistics parameters.

EXPERIMENTAL METHODS AT CROCKER
NUCLEAR LABORATORY

Multiisurie Iodine-123 Production System

After several years of a development and testing program, the CNL
'•"[-production system svolved into a multicomponent type of system that
offers all the required features for a simple and reliable operation. Person-
nel radiation safety, easiness of maintenance procedures, and versatile
backup capabilities were major considerations taken into account during
the several development stages. The system presently in use and after sev-
eral recent modifications is shown in Fig. 1. The CNL 123I-production sys-
tem is based on the irradiation of naturally occurring I27J (100%) with
sodium iodide as the target material. The Nal target system is reusable
and allows >400 hr (>6000 /jamp-hr) of continuous production-level oper-
ation. Beam currents of up to 30 fiA of an external 67.5-MeV proton
beam are available, but a IS- to 20-pA proton beam is used routinely.
Other descriptions of the CNL system have been given elsewhere by
Lagunas-Solar et al. (1979) and Jungerman and Lagunas-Solar (1981).

The system (Fig. 1) consists of three different but integrally connected
components:

• Continuous-flow molten Nal target with an on-line chemical-
scavenging system, located in the cyclotron vault.

• Xenon-123 collection system, located about 25 m from the target in
the radiochemistry laboratory.

• Iodine-123 purification and fractionation system, also located in the
radiochemistry laboratory.

In addition, the 123Xe collection can be replaced by an integrally shielded,
transportable 123Xe-»l23I generator system developed recently at the
University of California at Davis and expected to be fully operational by
September 1982 (Lagunas-Solar et al., page 190 in this volume).
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Up to the present time and during all the different phases of the
system's development, more than 700 production runs have been executed.
No major problems have been encountered, and no radiation incidents (i.e.,
releases to environment or unacceptable personnel exposures) have
resulted.

Molten Sodium iodide Target

Design and Construction •

The basic design of the CNL 123I target system was intended to t?ke
advantage of the effect of target temperature on the release of radioxenons
during bombardment of the Nal target. A schematic cf a Nal target and
external oven systems is shown in Fig. 2. An actual target and an external
oven before being assembled into the target block system are shown in
Fig. 3. The target vessel is constructed of type 347 stainless steel and is
helium welded. It has an arcuated shape to provide greater resistance to
mechanical deformations during irradiation. The nominal internal thick-
ness of the vessel can be varied from 11 to 18 mm, which results in tar-
gets whose beam-current-temperature behavior will vary so as to require
different beam levels for optimal operation. This is due to physical changes
in the Nal target during an irradiation, a factor that later will be
explained in the Results and Discussion section.

Irradiation and Operation Parameters

Under optimum conditions and with a calculated 65-MeV entrance
proton energy to a 45-MeV exit proton energy, a maximum of 600 W can
be deposited in the Nal target. However, under routine production condi-
tions (i.e., IS to 20 tiA), the calculated beam-heating does not exceed
400 W. This heat is also supplemented by conduction and radiation from
the beam-heated target vessel (entrance and exit walls), which under the
production conditions degrades the beam energy 6 to 8 MeV (i.e.,
—2.4 MeV energy loss from the entrance wall) and thus receives up to
160 W. The Nal target is permanently installed in the target assembly
system (Fig. 1) and is n usable. The methods used for determining the
target's integrity and compliance to set specifications are based on an on-
line monitoring of flow and radioxenon radioactivity ratio (l23Xe:125Xc),
which are conducted with standard flownietcr devices and high-resolution
gamma-ray spectrometry methods.

123Xe—123 I Target Assembly

The molten Nal target and external oven are mounted inside an alumi-
num target box, which also contains a water-cooled Faraday cup and
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which is connected to an on-line chemistry system via double-ended quick-
disconnect fittings. The chemistry system has the dual purpose of purifying
the incoming helium-gas stream and also of preventing any volatile iodine
escape with the helium-gas stream carrying the radioxenons to the xenon
collection box —25 m away. The target assembly, shown in Fig. 4, is set
up in the CNL cyclotron vault. The on-line system also provides the neces-
sary connections to external power, water, helium gas, and electrical
readouts for external control of the system. The outlet line from this sys-
tem consists of a 0.25-in. stainless-steel tube that carries the radioxenons
and helium-gas stream to the collection system. The outlet stainless-steel
tube is doubly encapsulated and under negative pressure as an added radi-
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ation safety feature for possible gas leaks. As shown in Fig. 4, the entire
system is well shielded to allow personnel to get close for inspection and
possible maintenance. Finally, the target-assembly system is also coupled
to a well-shielded cart that is used to transport the entire target block for
maintenance or target replacement.

123Xe-Collection and 123l-Purification
Systems

As shown in Fig. 1, the collection and purification systems are located
a distance away (—25 m) from the target system already described. Only
a purified hclium-radioxenons gas mixture is transported to the collection
system, which consists of an array of spiral traps, cooled by liquid nitrogen
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(LN), in which the radioxenons are condensed while the helium gas flows
through. Spiral trap 1 collects >99% of the radioxenons and allows the
transfer of the xenon radioactivities (by vacuum distillation) to decay
vessels DVi, DV2, or DV3 where the I23I is formed. The system as shown
in Fig. 1 is presently in operation at CNL. The entire system is housed in
heavily shielded, vented boxes and is operated remotely. To increase the
system's versatility, major modifications to the collection and purification
systems were designed and completed during the last year. These modifica-
tions will allow the system to operate on the basis of any or all of the fol-
lowing techniques:

1. Continuous I23Xe collection, followed by vacuum distillation of the
collected xenon radioactivities to glass or stainless-steel decay vessels. This
mode of operation was originally designed in 1974 and was used solely
until the l23Xe-*-123I generator option was completed.

2. The stainless-steel spiral cryogenic xenon-collection trap was iso-
lated from the collection system and modified into an integrally shielded
and transportable 123Xe-»l23I generator system. Details of this latter sys-
tem are given by (Lagunas-Solar et al., page 190 in this volume).

3. A collection, dissolution, and fractionation apparatus was also
designed as an optional procedure, bat it has not yet been built.* This
technique eliminates the need for vacuum distillation and thus resembles
an on-site generator operation. It allows for dissolving 123I formed in the
primary spiral trap, followed by its fractionation onto several optional
receiving containers for its subsequent use. The details of this proposed
system are shown in Fig. 5. Because of the similarities of this latter sys-
tem to the already developed l23Xe-»t23I generator system (Lagunas-Solar
et al., page 190 in this volume), its functional capabilities have already
been tested and fully demonstrated. This system can be used to provide
high-specific concentration (>1 Ci/ml) of 123I in a variety of solvents for
labeling research or other applications.

Previous descriptions of the structure, organization, and operation of
the collection and purification system have been given by Lagunas-Solar
et al. (1979) and Jungerman and Lagunas-Solar (1981).

Records and Quality-Control Procedures

Since the ultimate use of title i23I produced by CNL might be in the
synthesis or formulation of radioactive drugs, CNL has devoted a great
deal of time and effort to properly document each of the different devciop-

•This system began full operation in September 1982. Ai of July 1983, more than 520
production runs were executed without failure and/or rtdialion-jafety-related problems.
Iodine-123 in >1.5 Ci/ml specific concentration is normally obtained.
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mental stages and each one of the production irradiations in compliance
with federal, state, and university regulations. Every production batch is
properly documented in each of its significant steps, and the final prepara-
tion is subjected to radionuclidic, radiochemical, and biological testing
(e.g., for sterility and apyrogenicity). On-line radionuclidic assays are per-
formed with the aid of computerized procedures using high-resolution
gamma-ray detectors. Radiochemical controls and biological testing are
performed by radiochromatographic techniques and according to methods
of The Pharmacopeia of the United States whenever applicable. All the
CNL procedures were established according to the guidelines of the Code
of Federal Regulations, Title 21, Part 133—Drugs: Current Good
Manufacturing Practice (CGMP) in Manufacture, Processing, Packing, or
Holding.

RESULTS AND DISCUSSION

System Reliability

The CNL l23I-production system has evolved into a simple, safe, and
reliable remote-controlled type of operation. Since the operation began,
706 production runs havi been made with the same basic system although
considerable improvements have been made on several of its components
during its almost 8 years of operation. From March 1974 until December
1978, 416 runs were performed out of 442 scheduled runs (94%). Incom-
pletion of 26 of the runs, mostly at the beginning of the cited period, was
due to cyclotron-related problems (20 runs, or 77%) and to targetry prob-
lems (6 runs, or 23%). No failure of the collection and purification sys-
tems was observed. Table 1 gives a more detailed analysis of the
production system's reliability from January 1979 until May 1982, a
period during which substantial target and system handling changes were
completed as previously explained.

System Capabilities

The production capabilities of the system are strongly dependent on the
reliability of the cyclotron operation rather than on the system's efficiency
or the target's durability. Over several years of operation, CNL has
prepared numerous multicurie batches, especially to fulfill the needs of the
National Bureau of Standards for high-purity 123I for the preparation and
certification of I23I radioactivity standards. Until May 1982 the vacuum-
distillation technique was used to prepare 123I in the biweekly scheduled
operation. This technique averaged 16 ± 2 mCi/pamp-hr at end of pro-
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TAJ1LE 1

Iodioe-123 Production System Performance (January 1979 to
May 1982) at Crocker Nuclear Laboratory

Year

1979
!980t

1981
1982*

I23I pnxfacttoa nm

ScbeMea1

96
96

94
38

Completed

92 (96%)
73 (76%)

87 (93%)
3? (100%)

Cyclotroa

3
20

4
0

(75%)
(88%)

(57%)

Falhns*

Target

1 (25%)
2 (8%)

1 (14%)
0

Coflectk*

0
1 (4%)

1 (14%)
0

Other

0
0

1 (14%)
0

•Percentages given here are relative to tbe total number of failed runs.
fDuring tbe period January to March 1980, scheduled (3 weeks) and

unscheduled (6 weeks) cyclotron maintenance vas performed. Only two failed
runs were cyclotron related after March 1983.

{Period covered only until the end of May 1982.

cessing. However, with the implementation of the already-tested generator
technique, the I23I production yields are expected to increase by 20%.*

Target Materials

The choice of Nal as target material has been proved to be most satis-
factory, and the target design and type of containment are most adequate
for CNL beam capabilities. If higher beam intensities are used, the CNL
target design can be easily modified to operate at higher beam-power dep-
osition levels, either by replacing Nal (melting point, 651°C; boiling point,
1304°C) for the higher melting-point KI (melting point, 6R1°C; boiling
point, 133O°C) or by providing adequate cooling to the target. For lowsr
beam-power deposition levels, the target can also be easily adapted by
using the external heating oven or by preparing lower melting-point eutcc-
tic Lil, Nal, or KI mixtures.

Physical Effects on the Molten Nal
Target System

Contrary to most practical and factual considerations in tbe develop-
ment of cyclotron targets, the CNL l23l target was designed so as to uti-
lize the beam-power deposition as a source of energy to induce a
solid-liquid phase change in the Nal target. In this manner and because of

*ln the September 1982 to July 1983 period, l23l production yields averaging 19 ± 1.5
mCi/pamp-hr have been obtained.
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the beam's beating, the crystal lattice of the Nal is greatly perturbed or
destroyed if melting occurs, thus allowing the gaseous radioxenons to
escape. It was immediately obvious, however, that other experimental
parameters were to be controlled so as to attain high-efficiency xenon
releases during long production irradiations and that target-aging and
radiation-damage effects also needed full evaluation.

The solid-to-liquid phase change is accompanied by a decrease in the
density of the Nal target material, from 3.7 g/cm3 (solid) to 2.8 g/cm3

(liquid). Although it is a highly desirable feature for the purpose of
liberating the radioxenons, this phase change also has other less desirable
effects.

The density chsnge in the target produces a variable, effective target
thickness during irradiation. For the production of high-purity I23I, a
region of the excitation functions for the production of 123Xe and 125Xe
must be carefully selected and controlled during irradiation. The density
variation makes the adjustment of beam parameters a rather difficult and
temperature-dependent operation. On-line monitoring techniques to evalu-
ate the 123Xe:'25Xe radioactivity ratio during the bombardment are then
required.

Because of the intense heating and radiation damage experienced by
the target, under the severe production conditions, and the need to contain
a corrosive molten Nal target, a material-testing program was given par-
ticular attention so as to arrive at the best containment for the molten Nal
target. The best material for constructing the target vessel was found to be
type 347 stainless steel (9.16-in. wall). This material was proven to have
the best mechanical, noncorrosive, and heat-treatable characteristics
needed for target fabrication and operation. In addition and because of the
possibility of exposing other parts of the system to the corrosive ambient
generated by the molten Nal, all components near to the target-irradiation
zone were also constructed with corrosive-resistant materials (mostly type
321 stainless steel).

Because of the beam-optic limitations in relation to the target geome-
try, most of the beam energy is deposited in a small volume, which cruses
local target melting. This effect is not sufficient to induce an efficient
release of the radioxenons from the largely unmelted Nal target. Beam
defocusing and electronic sweeping are then needed to partially alleviate
this problem, but they were also found to yield only 60 to 75% of the cal-
culated 123Xe yields. The observed decrease in the xenon-release yield is
explained by the formation of target cavities or voids, which reduce the
effective target thickness and the magnitude of the beam-energy loss. Both
of the latter effects result in less heating and melting of the Nal target,
with consequent reduction in xenon releases. The target caviitation is due
to the volume contraction that takes place when Nal solidifies to a higher
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density phase. An external heating source was then added to the target
system to supplement the beam-energy deposition and to generate a more
uniform heating and melting. This external heater not only aided the melt-
ing process, assuring total melting of the Nal target material even over
long irradiations, but also helped considerably as a heat supplement when
the required beam intensities to melt the Nal target were not available
because of cyclotron-related problems.

As a result of the density variation (32%) during the solid-to-liquid
phase change and the local melting effect previously described, pressure is
generated inside the Nal target core. This is a cycling effect on the target
on every solid-to-liquid phase change which the target system experiences
on every irradiation. Due to the rigidity of the target walls, this pressure
causes gradual geometrical deformations in the target vessel, particularly
in the entrance and exit walls of the target. Because the target thickness
is one of the important parameters in determining the final I23I radionu-
clidic composition, this problem was given considerable attention. To mini-
mize the target deformation, an arcuated shaped target was constructed of
heat-treatable, corrosive-resistant foils of stainless steel (type 347,
0.016 in. thick). The externally controlled heating oven (see previous
paragraph) was also upgraded to be capable of melting the Nal target ves-
sel prior to irradiation. Once melted, the Nal is therefore ready to receive
beam, and the local melting effect causing the "internal" pressure phenom-
enon can be minimized or avoided. The currently used target vessel and
external heating oven are shown in Fig. 3. In addition, a starting-up irra-
diation procedure was also implemented so as to gradually increase the
beam intensity to the desired level. The procedure is monitored by a
temperature-readout system (thermocouple), beam-intensity monitors, and
two different and externally controllable helium-gas cooling jets rtat are
used for minor adjustments of the target temperature during irradiation.
AH these procedures resulted in considerable improvements, which mini-
mized the target deformation to acceptable levels and allowed the impor-
tant target reusability feature.

Recently, as reported by Lagunas-Solar et al. (1979), some difficulties
with maintaining the continuous gas flow were observed in a previous tar-
get prototype developed and tested at CNL. As a result of the beam heat-
ing and the target melting during irradiation, small amounts of Nal were
volatilized and transported by the helium-gas stream. Because the helium-
gas stream was directed to a gas-outlet tube (0.188 in. OD) and the gas-
outlet tube was outside the beam and external-oven heating area, the gas
outlet provided a colder surface for Nal recrystallization. Since this effect
is cumulative, the outlet tube would ultimately be plugged by the accumu-
lation of Nal. To prevent this accumulation, an external heating collar was
added to the target vessel.
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This heating collar when activated by external controls was able to
melt the Nal, thus reopening the outlet tube to the gas si:ream carrying
the radioxenons. Although this technique offered a satisfactory solution, it
also increased the complexity of the target system. A simpler solution was
later implemented which solved the problem entirely, without increasing
the system's complexity. Because it was obviously desirable for the Nal
target material to remain in the target vessel, a higher target was built to
provide the required cold surface for Nal recrystallization in the near
proximity of the irradiation zone. This also eliminated the need for an
additional heating-collar and filter system as previously '.escribed by
Lagunas-Solar et al. (1979). This new target design has been used at
CNL for the past year of operation without any observed flow problems.

Advantages of the Molten Nat Target

The target properties and in-beam characteristics are of great signifi-
cance for radionuclide production that uses high-intensity charged-particlc
beams. Because high-current beams are desirable for a high Production
yield, the target physical and chemical properties must be considered.
Also, cost and availability are factors to be taken into account because of
the need to provide the radionuclides to the medical community on a con-
tinuous basis. The Nal as a target material has numerous advantages over
other iodine compounds being used as target for the indirect production of
I23I via its l23Xe parent. These advantages are:

• Natural Nal target material is cheap, readily available, and easily
obtainable in certified batches from commercial sources.

• Nal does not experience radiation-induced decomposition. The pres-
ence of volatile forms of iodine has not been detected.

• Nal has a relatively high melting point (651°C) which allows high
beam intensities to be used. By properly balancing the beam-heat input
with heat losses from the target, an operational condition can be es-
tablished which requires no major cooling systems.

• The melting of Nal target material allows the gaseous radioxenons to
be released efficiently from the target material.

• A helium-gas stream can be used to transport the radioxenons to dis-
tant collection devices; thus the need for target radiochemistry is avoided,
and the operation can be performed in a continuous mode and with
remote-system techniques.

• The continuous flow process reduces the decay losses that are inevita-
ble in batch processes.

• The target vessel is reusable and allows permanent systems to be
installed and properly shielded for a. safe working environment.
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Logistics and Scheduling

Routine availability of I23E to the medical community is one of the
most significant factors to be considered to secure a place for I23I radioac-
tive drugs in diagnostic nuclear medicine. Within the limitations imposed
by multiple regulations and because of the geographical location of the
CNL facility, the availability and/or reliability of 123I supply, in particular
to the eastern United States, has been approximately 90%. However, the
long but needed shutdown periods scheduled for the performance of pre-
ventive maintenance have certainly caused sporadic disruption of our func-
tions. When compared to commercial suppliers, which in most cases base
their operation on several accelerators, the overall CNL production relia-
bility of >94% over almost 8 years of operation is most remarkable.
Several delivery problems, however, have occurred with higher frequencies
to eastern institutions, indicating the need for a system or network of insti-
tutions with >55-MeV proton accelerators to enter into 123I production
activities to satisfy the expected demand of high-purity I23I. In most:
cases, however, weekend-type operational schedules will need to be imple-
mented for production activities, so that clinical users can be supplied at
the most convenient and useful times. CNL has been aware of this need
and is presently committed to implement the 123Xe->123I generator tech-
nique, which, if properly supplemented with centrally located processing
facilities, should greatly improve the reliability of 123I supply in the whote
United States.

CONCLUSIONS

The (p,5n) method is the best suitable accelerator technique to product;
high-purity 123I for use in diagnostic nuclear medicine procedures. Amon|>
the several reported techniques for its indirect production from its 2.1-hr
l 23Xe parent, the molten Nal target offers the most reliable and best:
high-yield type of operation needed for the supply of high-purity I23I.

No-carrier-added I23I for use in the synthesis of high-specific-activity
radioactive drugs can be obtained either by the vacuum distillation tech-
nique or by the new l23X.e-»123! generator system (Lagunas-Solar et al.,
page 190 in this volume). Either of these techniques can produce 123I with
>1 Ci/ml radioactivity concentrations and in a variety of aqueous or
organic solvents. Iodine-123 obtained this way is being used in many
research projects dealing with labeling proteins, amino acids, fatty acids,
antibiotics, hormones, and antibody fragments.

Despite several logistic limitations, the availability of the (p,5n)-made
I23I in the United States, from the University of California a*. Davis, has
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provided more than a sufficient justification to warrant the commitment of
further resources to improve its availability from >55-MeV accelerators.

Finally, the fate of specific-function I23I radioactive drugs other than
for thyroid studies may only be impaired by the present gap between
demand and availability of high-purity fp,5n)-made I23I.
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Isotope Production Capabilities at Indiana
University Cyclotron Facility

DENNIS L. FRIESEL, Ph.D.
Indiana University Cyclotron Facility, Bloomington, Indiana

ABSTRACT

Indiana University has developed a medium-energy cyclotron facility for basic nuclear
research. The three-stage acceleration, variable-energy, and multiparticle facility has acceler-
ated protons up to 215 MeV and other ions (up to mass 7) up to 200 q ! / A M e V •>' average
intensities on target of 0.S jiA. Applications research has been carried out in the areas of
medical isotope production and space-related radiation-damage engineering studies. Specifi-
cally, in the area of isotope production, efforts have been made to produce isotopically pure
I23I via the 127I(p,5n)l23Xe reaction. A description of the facility, as well as details of the
research efforts in applications, is discussed in the text.

Indiana University has developed a medium-energy, multiparticle cyclotron
facility (known as the IUCF) which is unique in both design and capabil-
ity (Pollock, 1965). The three-stage variable-energy system, which is
described subsequently, is capable of accelerating light ions to energies of
220 q2/A MeV and heavier ions (3 « A < 40) to 205 q2/A MeV.
Table 1, which lists the properties of the various ion beams currently
available from the IUCF accelerators, amply illustrates that they are quite
versatile in energy range, particle type, and in beam-time structure. The
facility produces a wide variety of high-resolution medium-energy particle
beams for research and is one of only a few such facilities operating in the
United States.

The primary function of the laboratory is to perform fundamental
nuclear research in this relatively unexplored energy region. Consequently,
the IUCF, which is partially funded by the National Science Foundation,
was developed as a user group facility available to any qualified scientist
who submits an experimental proposal that is both scientifically interesting
and suitable for execution there. As will be shown later, the demand for
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TABLE 1

Indiana University Cyclotron Facility (IUCF) Beam Properties
(As of January 1983)

Particle type
Protons

P
?

Deuterons
d
d"

3He 2 +

4 He 2 +

6Li 3 +

7Li3 +

Eaergy range,
MeV

11.8 to 214.8
11.8 to 214.8

23.9 to 99.9
23.9 to 99.9

26.0 to 270.0
30.0 to 200.0
46.0 to 154.0
69.0 to 100.0

Ion mass <40
Energy resolution (AE/E) 1 X 10"

(3.6 X

Time structure
Microscopic
Macroscopic

htcaslty

Arerage Maximum

500 to 100 nA 6.0 »iA
50 to 150 nA 400 nA

50 to 250 nA 2.0 »iA
20 to 80 nA 160 nA

100 to 300 en A 500 nA
lG01o300enA 1.0 epA
SO to 100 enA 600 enA
50 to 100 enA 600 enA

3 full width at half maximum (fwhm)
: 10~*fwhm with analysis)

0.350 nscc beam burst width per 30 nsec
As required by experiment, but have achieved

the following:
Fast: 1 rf pulse in 2, 3, 4, 5, 6, or 7

(for time of flight)
Slow: 1 itsec on, 14 psec off (for r.iuon decay)

beam time from this facility by the scientific community alone exceeds the
available time by a factor of about 2.5. The IUCF has delivered beams to
over 230 approved experiments for users from more than 11 countries
since operations began in late 1975. Nevertheless, the facility has found
the time to deliver beams to several timely applied research projects whose
requirements were particularly well matched to our capabilities. These
projects, as well as plans to upgrade and expand the laboratory to deliver
higher energy and higher resolution beams to several users simultaneously,
will also be discussed.

ACCELERATOR HARDWARE

Ions are accelerated in three stages as illustrated in Figs. 1 and 2. The
numbers in parentheses in this and the following paragraph refer to the
numbered areas shown in Fig. 1. Either of two electrostatic ion-source



1. Control console and computer
2. Data acquisition computers
3. 800-kV ion source terminal
4. 450-kV ion source terminal
5. Injector beam lines
6. Injector cyclotron
7. tntermachine beam line
8. Main cyclotron
9. High-energy beam lines

10. High-intensitv beam area
11. Neutron experimental station

12. Magnetic spectrograph IQDDMI
T3. T62-cm scattering chamber stat
14. Low-n
15. Equipment

18. Ne
19. New cooler building addition
2), New storage ring vvith electron cooling
21, Building mechanicals area

Ffc. 1 Floor fjrifti of the pfey-fes! facilities at the I r f a n Urtenfty Cyclotron Facility (IUCF).
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Fig. 2 bomeric schematic of the RICF iccderaton, ilhstntiaf their rebtfce size.

preinjection terminals are used to prepare the direct-current beams and
accelerate them to energies between 150 and 640 kcV for injection into the
first cyclotron. The 800-kV ion-source terminal (3) houses an atomic beam
polarized ion source that provides vector-polarized protons, and both vec-
tor- and tensor-polarized deuterons as weO as a PIG (Penning ion gauge)
arc source for unpolarized protons, and fully stripped 3He and 4He beams.
The 450-kV terminal (4) contains a conventional duoplasmatron arc source
and a beta-eucryptite source for 4Li and 7Li beams. Beam from either ter-
minal is further prepared for midplane injection into the first cyclotron (6)
in the injector transfer beam line (5) with a Klystron buncher-and-chopper
system. A vapor stripper for stripping the helium and lithium beams pro-
duced in the 450-kV terminal and a spin precession solenoid to rotate the
spin of polarized protons from the 800-kV terminal into the horizontal
plane are also located in this beam line (5).

The injector cyclotron (6) is a separated-sector (i.e., four magnet sec-
tors) isochronous machine that accelerates ions to a maximum energy of
nearly 16 q2/A MeV. Inflection is done on the midplane with two electro-
static inflection elements in the central region. Beam extracted from this
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machine is then injected (again on the midplane) into the K = 200
main-stage cyclotron (8), which is also a four-sector isochronous accelera-
tor. The cyclotrons are variable-energy and particle machines which oper-
ate over a radio frequency (rf) range of 25 to 35 MHz on harmonics of 3
through 8 and 11 through 17 and which have a magnetic field limit of
1.65teslas. The intennachine transfer beam line (7) contains a beam polar-
ization monitor and a foil stripper for use with lower energy lithium
beams. Beams extracted from the main-stage cyclotron are directed into
one of seven existing experimental stations (10 to 14, 16 to 18) located in
five shielded target rooms. The entire facility is operated from the control
room through a Xerox Sigma 2 computer (1).

CYCLOTRON OPERATIONS

Although the IUCF accelerators are quite versatile, the most notewor-
thy feature of the facility is the large variety of experimental equipment
available to the user. Proton, deuteron, and neutron beams (both polarized
and unpolarized), as well as several other light-heavy ion beams, are avail-
able to perform nuclear reaction experiments on a variety of instruments.
An indication of the continually increasing request for beam time from
IUCF is shown in Fig. 3, which plots the number of beam hours allocated
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by the Program Advisory Committee (PAC) to users as a function of time
since operations began in 1975. The hours of beam delivered on target,
exclusive of the time to turn on and set up the cyclotrons and the time lost
because of breakdowns, are also given. The number of hours allocated is
generally larger than those delivered by design. However, the actual num-
ber of hours requested by users exceeds the allocated hours by a factor of
nearly 2.5.

Because of the demand for beam time from the user groups, the facil-
ity operates 24 hr/day. The cyclotrons shut down for 56 hr every 18 days
for maintenance and facility developments, improvements, and additions.
Hence a most significant shortcoming of the facility is its present inability
to deliver beams to more than one user at a time. This places a high pre-
mium on beam time and discourages experiments of a more exploratory
type which might be carried out on a lower priority. Efforts to improve
this situation by providing an if beam-splitting system in the high-energy
beam line are presently being developed. As an illustration of the current
usage of the facility, the cyclotr<- operating statistics for 1982 are given
in Table 2. More-detailed infv . M I concerning the IUCF facilities are
available in our annual report (IUCF Report, 1982).

APPLICATIONS RESEARCH EFFORTS

The versatility and energy capability of the IUCF cyclotrons make
them an attractive tool for use in solving some of today's applications
problems. The use of the accelerators for this purpose, however, has so far
been rather limited and has been carried out in only two major arras:
medical isotope production studies and space-related radiation-damage
engineering studies.

The radiation-damage studies performed by NASA (National
Aeronautics and Space Administration) and the Aero Space Division of
ITT (International Telephone and Telegraph) were particularly well
matched to the beam energy and intensities available at the IUCF. These
studies came about because of the observed effects to equipment mounted
on earth satellites that must pass through the high-energy-proton fields
centered approximately 50 miles above the southern Atlantic Ocean, in a
region known as the South Atlantic Anomaly. The source of the proton
flux in this region, which has an isotropic distribution of protons ranging
in energy from 50 to 500 MeV, is not known. The interaction of these
high-energy protons with semiconductor memory devices, image dissecting
cameras (used for star tracking), and nuclear radiation detectors and
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TABLE 2

Indiana University Cyclotron Facility
1982 Operating Statistics

Scheduled machine operation
Beam (hr) on target

Unpolarized protons
Polarized protons
Unpolarized deuterons
Polarized deuterons
3 He J +

4 He 2 +

«Lr>+

Other ions
Total

Beam (hr) used for cyclotron
or experimental equipment
development

Total

Total useful beam on target
Schnduled overhead (start-ups.

energy changes, etc.)
Unscheduled breakdowns
Total scheduled machine operation

Other
Machine maintenance and facility

development
Holidays

1576
2336

109
598
271
380
163

0

5433

248

5681

Ttoe,
hr

5681

480
1008
7169

1512
64

8745»

'Approximately 1 year.

collimators has produced undesirable effects on the satellites and related
instruments. The proton beam energies available at IUCF are ideally
suited to simulating the effects, and tests were conducted in 1979, 1980,
and 1981 to measure and minimize them (Kurfess et al., 1981).

In the area of medical isotope production, the major emphasis has been
to perform proton-induced nuclear reaction studies that would detennine
the basis for the selection of optimal irradiation conditions for several
radionuclides of value in nuclear medicine. Among these studies were
excitation-function measurements of proton-induced reactions on rhodium
and indium (Ku et al., 1979), yielding 97Ru, »*Tc, 109Cd, and l l3Sn iso-
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topes, which have potential medical applications in nuclear oncology, can-
cer chemotherapy (Srivastava et al., 1978), and other areas. The study was
made for the Brookhaven Linac Isotope Production (BLIP) facility (Stang,
1978) which has been producing large quantities of radionuclides of medi-
cal interest by utilizing the excess beam capacity of the 200-MeV proton
linac injector. Similar excitation-function measurements were made by
using a metallic-cesium self-vapor-cooled target (Blue, Scholz, and Sodd,
1974), which led to the production of l23Xe, I25Xe, and l27Xe isotopes at
peak-production cross-section energies of 140, 73, and 60 MeV, respec-
tively (Blue et al. ' 7 9 ) .

Perhaps the most concentrated effort at the IUCF, however, for the
production of a medical isotope was in the attempted development of a
reliable target for the production of 123I via the l27I(p,2n)l23Xe^*123I reac-
tion. This effort, made in collaboration with the Indiana University Medi-
cal Center, although it did produce small amounts of isotopicaily pure 123I,
was not entirely successful. The target was a heated glass vessel of liquid
I27I nearly 2 cm thick which was bombarded with up to 0.5 MA of 80-MeV
protons. The target system, described by Friesel and Smith (1978) and
shown schematically in Fig. 4, did not work (1) because of the inability to
keep the highly volatile target material in the glass vessel throughout the
ideal irradiation period of 6 hr and (2) because of 123Xe vapor collection
efficiency problems in the liquid nitrogen trap. This development effort,
though promising, was stopped when the operational pressures on the tech-
nical staff at the IUCF laboratory reduced the amount of discretionary
time available for this project to so low a level that it became impractical
to continue. Although the facility is able to deliver beam to such a target
for the production of isotopically pure 123I, it does not have the manpower
to develop such a target system and still meet its primary commitments as
stated previously.

SUMMARY

The management of the IUCF laboratory has a very positive attitude
toward the use of its facilities to answer current and important questions
in medical and other applications areas and feels it has an obligation to
meet those demands where appropriate. There are, however, several limita-
tions to the ability of this facility to become a routine producer of medical
radioisotopes for clinical purposes. First, the primary impediment lies in
the modest intensities of beam available for isotope production, as outlined
in Table 1. Although the intensities are adequate to perform most of the
nuclear research activities which are our primary function, they are several
orders of magnitude lower than those needed to produce large quantities of
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medical isotopes. Second, the IUCF is a single-beam facility at present,
which means there are no excess or secondary beams available. If beam is
being used for medical isotope production, it cannot be used for research
and vice versa. Therefore, whereas the feasibility study of nuclear reaction
mechanisms for the production of new radioisotopes is an appropriate use
of the facility, the large-scale routine production of an isotope using a
known procedure is not. If the members of the medical community wish to
use these (and similar) facilities for such a purpose, then they should pre-
sent their arguments to the federal agencies that determine the primary
goals of the facilities. Although the staff and management at the IUCF
have the capability, understanding, and willingness to provide services in
this area, they need the commitment of their funding agency, the man-
power and other support from the medical community, and the cooperation
of the commercial suppliers of radioisotopes before this can become a
reality.

REFERENCES
Blue, J. W., K. L. Scholz, and U. J. Sodd, J974, NASA Technical Memorandum, NASA

TMX-71620, National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, Ohio.

, U. J. Sodd, D. C. Liu, and D. L. Friesel, 1979, IUCF Scientific and Technical Report.
No. 153, Indiana University Cyclotron Facility, Bloomington, Ind.

Friesel, D. L., and Wayne Smith, 1978, Prog. Nucl tied., 4: 63.
Indiana University Cyclotron Facility Scientific and Technical Report. 1982, Indiana Univer-

sity, Bloomington, Ind.
Ku, T. H., R. H. Hsieh, L. G. Stang, Jr., P. Richards, P. P. Singh, and T. E. Ward, 1979,

Indiana University Cyclotron Facility Annual Report, p. 125, Indiana University,
Bloomington, Ind.

Kurfess, J. D., W. N. Johnson, R. L. Kinzer, C. S. Dyer, D. L. Friesel, and T. E. Ward,
1981, Indiana University Cyclotron Facility (IUCF) Annual Report, p. US, Indiana
University, Bloomington, Ind.

Pollock, R. E., 1965, IEEE Trans. Nucl. Sci.. NS-26: 1978.
Srivastava, S. C , P. Som, G. Meinken, A. Sswetkar. and T. H. Ku, 1978, in Proceedings of

Second International Congress of World Federation of Nuclear Medicine and Biology,
Washington, D. C, Sept. 17-21,1978.

Stang, L. G., Jr., 1978, Prog. Nucl. Med.. 4: 34.



The Iodine-123 Program
at the TRIUMF Laboratory

JOHN S. VINCENT, B.S.
TRHJMF Laboratory, University of British Columbia, Vancouver, Canada

ABSTRACT

A research program for the production and utilization of iodine-123 is described. From 1979
to 1982 the spailation of elemental cesium by 500-MeV protons was used to provide 100
mCi/hr at the end of bombardment (EOB). Contaminants were 3% iodine-125 and ..15%
te)lurium-121 at EOB + 36 hr. Tuc material from weekly runs was used by remote clinics
in Canada for evaluation as a radiochemical and for labeling studies. A new facility at
TRIUMF will be operational in 1983 to produce iodine-123 by the (p,5n) reaction.

TRIUMF is an intermediate energy research laboratoiy located in the city
of Vancouver (population, 1.1 million). The main facility is a 500-MeV,
100-pA cyclotron. Three teaching hospitals are within 10 km and eight
nuclear medicine departments, within 20 fan of the laboratory. These
provide a fertile field for the development and use of short-lived radioiso-
topes and pharmaceutical products. The laboratory is operated by four
universities, with support from the National Research Council of Canada.
Basic physics and chemistry research is centered on the interactions of pi
and mu mesons with matter. However, a variety of programs, such as
radioisotope production, utilize the intense primary proton beams.

The program to evaluate spailation as a production route for iodine-
123 was begun at TRIUMF in 1976 and has developed through several
stages. The current production rate is O.S to 1 Ci per run for about 30
runs per year. No material is yet sold commercially, but the output is fully
utilized in labeling studies and clinical trials of newer Pharmaceuticals,
and a small quantity is. used in the training of medical technologists at a
local institution. Commercial production of I23I will begin in 1983 under
an agreement with Atomic Energy of Canada Ltd., but the I(p,5n) reac-
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tion and new facilities will be used. The principal part: of this paper will
discuss our experiences with the spallation reaction for m I production.

PRODUCTION OF 123I VIA SPALLATION OF CESIUM

Perhaps the most important result of I23I spallation studies is that this
nuclear reaction mechanism results in a significant lower limit to the
quantity of neighboring I25I simultaneously produced. High-energy protons
will spallate an intermediate mass target in a two-step process; a few
high-energy nucleons are first ejected, and these are followed by moire
low-energy nucleons, leaving the final product. A consequence of the mul-
tistep reaction mechanism is that neighboring products, l21Xe to l27Xe in
our case, occur with similar probability or cross section. Moreover, the
energy variation of cross section is small. For isotope production this
means that the energy specificity of the reaction cannot be used to control
the level of contaminants. In addition, these cross sections are about an
order of magnitude smaller than those at energies of the commercial cyclo-
trons. Yields, of course, depend on the product of cross section and target
thickness. It follows that spallation yields can be made to compete with
yields at low-energy cyclotrons by the use of very thick spallation targets.

The selection of a target species to obtain a particular reaction product
is common practice at low energies. In contrast, the multiparticle emission
mechanism of spallation removes any strong dependence on target species.
It follows that the physical properties of a spailation target are more
important than its particular mass or atomic number. At TRIUMF the
reaction of 500-MeV protons with cesium was chosen for the production of
1231. Cross sections for the desired radioxenon and the principal
contaminant are seen in Fig. I for a range of energies which includes all
intermediate energy facilities.

It can also be seen that the ratio of 125Xe (17 hr) to l23Xe (2.1 hr)
varies slowly with energy and is slightly more favorable at higher energies.
As noted previously, this is the most dramatic difference between isotope
production at high energies and at the low-energy accelerators.

For I23I, the contaminant ratio of interest in spallation reactions is
125I : 123I, which can be derived from the previous cross sections. The
ratio can be controlled, in practice, by limiting the xenon decay period
before removal of iodine from the system. Figure 2 shows how this can be
accomplished; the improved purity is achieved, however, at the expense of
a decreased final yield of I23I.

In 1978 we obtained funding from Health and Welfare Canada to set
up a pilot plant for the production of I23I. The scale was set at 10% of the
TRIUMF maximum beam current and 20% of maximum practical target
thickness for 500 MeV. Theoretical yields from such a pilot facility are
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shown in Fig. 3. The development of a remotely operable system to pro-
duce and process the inventory of xenon given by Fig. 3 was a major
effort. A schematic of this facility is shown it Fig. 4.

The 20 g/cm2 cesium target operates as; a liquid-metal heat pipe for
10 (iA of 500-MeV protons. It was installed in a beam dump on July 17,
1978, and has required no service since that. time. Raiioxcnon is received
on a helium gas stream alt ground level in a heavily shielded hot cell. Two
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Fig. 4 Schematic of tfce TRIUMF spdbtioa 123I faculty.

alternating cold traps of activated alumina are used to collect the xenon
and hold it for decay. Such traps were first reported by Alekseev and asso-
ciates (1978). A column of fine alumina 7 cm long will trap nearly all
the xenon at 77°K, release it efficiently at 270°K, and retain I2ITe from
I21I decay while releasing iodine when a few milliliters of dilute NaOH
(O.OOO157V) is applied.

An important feature of our production system is remote intelligent
control. Monitoring of beam and target conditions, as well as hot-cell
status and control, is achieved with a CAMAC interfaced computer sys-
tem. All manual or automatic operations are automatically logged. Remote
leak checking, liquid-nitrogen handling, pumping of radioxenon from trap
to trap, and prerun checks of all autodevices are controlled by computer.
Each operation is verified against a stored dictionary of allowed pro-
cedures. Extensive prerun diagnostics can be used to spot failing com-
ponents. Of 65 high-level runs, we have experienced two on-line failures
that resulted in cancellation of production.

Performance of the TRIUMF spallation I23I facility is (1) 100 mCi/hr
at end of bombardment (EOB) and (2) I25I/ I23I, 3%; 121Te/123I, 0.15% at
EOB + 36 hr.
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UTILIZATION EXPERIENCE

From the beginning the I23I program at TRIUMF was viewed as a
multidisciplinary collaboration. The objective has been to expose as many
utilization problems as possible. Therefore each step in the development of
production techniques was tied to a specific clinical program.

During the first half-year of production from January through June
1979, 2.6 Ci of 123I was shipped as a radiochemical to remote clinics in
Toronto, Winnipeg, Edmonton, and Vancouver. There were 19 scheduled
production runs. A major problem during this period was failure to load
air shipments onto the required flights from Vancouver. Nearly half the
shipments suffered this fate. The airlines were finally able to identify the
causes and take action to eliminate further failures. Two clinics at Edmon-
ton and Winnipeg utilized most of their allotment for labeling and quality
control experiments, whereas Toronto and Vancouver carried out clinical
trials. At the Hospital for Sick Children in Toronto, several pediatric thy-
roid scans were completed, and some work was done with metastatic thy-
roid tumor. This work is summarized by Gulenchyn and associates (1981).
Thirty-three patients were given I23I at Vancouver General Hospital, and a
comparison was made with 99mTc pertechnetate. Several patients were
reevaluated for the presence of functioning nodules after having received
treatment for metastatic thyroid tumor.

In January 1980 nuclear medicine departments at clinics all within
British Columbia (B. C.) agreed to evaluate I23I for 1 year, with produc-
tion and transportation supported by the British Columbia Medical Ser-
vices Foundation. More than 6 Ci of 123I was shipped to 12 clinics on 27
different weeks. Commercial bus lines proved to be particularly reliable,
especially in delivering to mountainous regions of the province which
tended to have fog or frequent storms. Most of the material was used for
thyroid work. Early in the trials some clinics had trouble in changing from
I3ij t o i23j uptake protocols. This proved to be primarily a dose-correlated
instrumental problem. In conversation it was discovered that the clinics
had very good communications with the Nuclear Medicine Technology
Department of the British Columbia Institute of Technology. It was rela-
tively easy for them to develop and communicate the new protocols to the
required clinics by using a few batches of I23I from TRIUMF. At the end
of the B. C. clinical trials, reports from the participants v/ere requested.
We found that there was universal acceptance for thyroid work. On the
negative side availability was judged to be inadequate. However, several
departments that had never used I23I started purchasing it commercially.

Besides the use of inorganic I 2 31, an extremely important application is
covalent labeling of a wide variety of organic Pharmaceuticals. In the
latter area 123I has a significant advantage over " T c . A basic require-
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ment is that the percentage tag must be high enough to qualify the prod-
uct legally as a pharmaceutical. Low tagging efficiency difcourages i23I
use from the economic standpoint and from the inconvenience of purifying
the resulting Pharmaceuticals. Although certain labeling difficulties are
well known, the literature is sparse on defining the optimal radiocheraical
qualities of >23I itself or in suggesting alternative tagging procedures. We
were concerned initially with the radiochemical quality of our spallation
product; only 68% was iodide on average. Therefore it was essential to do
some trial labeling. Two previously labeled compounds, iodohippuric and
hexadecanoic acid, were selected because of copious literature and a cur-
rent clinical interest. Protein labeling might have provided a more strin-
gent test of the I23I, but limitation of our resources has prohibited exten-
sive tests to date.

A program to evaluate omega-labeJed hexadecanoic acid (IHA) for
myocardial studies has been in progress for about two years. The method
of halogen-exchange labeling is used, and routine tagging efficiencies over
95% are obtained. A problem exists, however, in transferring the I23I from
the aqueous extraction solution to the organic IHA solvent. This same
problem has been discussed by Machulla and Dutschka (1981) for other
fatty acids, and it is independent of the radiochemical quality of the I23I.
In the clinical portion of this program, about SO patients with known heart
defects have been evaluated for myocardial metabolism in several exercise
protocols. The results have been given elsewhere by Huckell (1980) and
Lyster (1980) and their associates.

Iodohippuric acid, also known as Hippuran, is perhaps the 123I
radiopharmacev.tical most used after iodide. It is tagged at TRIUMF rou-
tinely with efficiencies greater than 99% in a two-step process. In the ini-
tial labeling, a tag of 96 to 97% is obtained. Subsequent purification
results in an overall yield of 85% of the initial activity. Iodine-123 Hip-
puran has been in clinical use at Vancouver General Hospital since
October 1981.

For both the myocardial and renal studies, excellent scintigraphic qual-
ity of the images was evident. The contaminant of spallation 123I which
would degrade scan quality is 12lTe (573-MeV gamma). This is the prod-
uct of undecayed I2II in ihe 123I at the time of extraction from the
alumina columns. If the aqueous solutions were not repurified, this would
amount to 0.15% of the I23I at calibration time. Fortunately, the tellurium
does not pass into the solvent phase of the fatty acid preparation, and it is
therefore not observable in the final product. For Hippuran it was found
that up to 80% of the tellurium in the final product was attached to the
walls of the borosilicate serum vial. In general, we believe the scinti-
graphic quality of spallation I23I- labeled Pharmaceuticals can be improved
if necessary by any of several methods for removal of the trace 121Te.
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FUTURE PROSPECTS

A program to further develop our 123I production and utilization
depends on broader acceptance of spallation 123I, prospects for new phar-
maceutical research, commissioning of a new production facility, and coor-
dination with commercial production.

We believe that no substantial improvements in the quality of spalla-
tion I23I will be forthcoming in the near future. Very much larger produc-
tion rates, however, are thought to be possible with on-line systems.
Another possibility is the use of a batch production system. The most
promising application for spallation 123I seems to b^ as a copious source
for the production of labeled Pharmaceuticals at or near the production
site. These would have a limited shelf life, e.g., 36 hr for 3% 125I, but the
scintigraphic quality could approach that of the (p,5n) product. More
extensive medical acceptance of these materials remains to be achieved.

A broader based radioisotope research users group is being formed to
pool manpower and resources for development of TRIUMF radioisotopes.
It has been our experience that relatively large quantities of 123I are
needed initially for trials of new radiopharmaceuticals. We are in the pro-
cess of setting priorities for the production of 123I so as to integrate with
programs for the production of other isotopes.

A new production facility has been built which will have dedicated use
of a third simultaneous beam (Fig. 5) from TRIUMF. This beam has four
on-line production targets, continuous energy variability from 68 to 120
MeV and currents up to 100 pA of protons. We have achieved the
acknowledged yields and nuclidic purity of the (p,5n) reaction on iodine at
the 5-fiA level and will be moving to routine production this fall in a pro-
gram of increasing beam intensities. Production rates await the develop-
ment of final targetry. Atomic Energy of Canada Ltd. plan to market I23I
from this facility. They will supplement this material with I23I from a new
42-MeV cyclotron now being commissioned at TRIUMF.
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The Hammersmith Hospital
Cyclotron Facility

D. J. SILVESTER, Ph.D.
Medical Research Council Cyclotron Unit, Hammersmith Hospital, London, England

ABSTRACT

The current program and some aspects of the operational policy of the Hammersmith cyclo-
tron are summarized.

The cyclotron at Hammersmith Hospital has now been in operation for
more than 25 years. Its function throughout that time has been to serve
several lines of medical research by providing beams of fast neutrons for
therapy and radiobiology and by producing short-lived radionuclides for
clinical research and diagnosis.

A description of the cyclotron and its peripheral facilities was pub-
lished in 1975 (Silvester, 1975), and only small changes, such as the addi-
tion of new beam lines, have been made to the hardware since then. In line
with increasing demand, however, the number of hours run each week has
gradually increased to about 115, on a 24-hr (three-shift) basis from Mon-
day to Friday.

Nearly 50% of the cyclotron running time is used in the production of
radionuclides. Of this, about 10 hr/week are used in research on
radiopharmaceutical chemistry; a further 10 hr are used in preparing the
short-lived positron-emitting radionuclides ("C, 13N, 15O, and 18F) which
are used on site in clinical investigations with the positron ECAT; and the
balance is used in routine production of longer lived radionuclides, a high
proportion of which are shipped to other medical centers. Tables 1 and 2
summarize the cyclotron's output of these products in 1981.

The following points should be noted:
(1) The Hammersmith cyclotron is not used to produce radionuclides

such as 67Ga and "'in which can be obtained from commercial sources.
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TABLE 1

Routine Production of Radionudides Used Only en Site in 1981

NadMe

Oxygen-IS
Nitrogen-13
Carbon-11

Cbaakal
font

0 2 o r C 0 2

N2g/aq»
CO or CO2

aroaactioa

191
8

ISI

Total

Cydoteoa
hoars

409
11

109

529
(10%)

No. of
aatfart
statin

312
9

214

535

'Aqueous solution.

TABLE 2

Routine Production of RadionucUdes Used on ami off Site in 1981

NadMe

Fluorine-18
Potassium-43
Iron-52
Bromine-77
Rubidium-81

Lead-203

Cheatcal
term

Aqueous solution
Chloride
Citrate
Bromide
Chloride
Krypton generators
Chloride

No. of

Jactioa

42
52
39
72
13

393
24

Cydotroa
koa»

23
136
131
253

5
874
70

Total 1492
(27%)

No-ofsaaafca

Oactte

8
0

29
0

13
210

0

Off lite

32
171
48

154
0

1500
60

Total
•ctMty

• a

244
89
36

488
74

31,500
74

(2) Production of I23I was discontinued in 1979 because it could not be
made free from I24I contamination and at that time high-purity I23I
became available in the United Kingdom from the Atomic Energy
Research Establishment at Harwell.

(3) Demand for 8lmKr generators is very high throughout the United
Kingdom and Europe; and the various European laboratories capable of
producing these generators have associated informally in "The Krypton
Club."* One of the intentions of this club is to try to arrange continuity of

'Further information about the club can be obtained from Mr. Jobs Clark at the Medi-
cal Research Council Cyclotron Unit, Hammenmith Hospital, London, WI2 OHS.
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supplies when one producer has to shut down for maintenance or acciden-
tal breakdown periods.

(4) Although there are some drawbacks (of which the most obvious is
competition for cyclotron time), there are certain advantages in using a
cyclotron to do routine production as well as research. One of these is that
it justifies employing technical staff on a shift-work basis.

At Hammersmith Hospital this means that the early-morning shift
disposes of the day's routine production commitment, leaving the day and
late shifts to deal with the requirements for clinical research with the
short-lived products, wbich then can extend until late in the evening.
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Production of High-Purity Iodine-123
with 15-MeV Protons

HOMER B. HUPF, Ph.D.
King Faisal Specialist Hospital and Research Center, Riyadh, Saudi Arabia

ABSTRACT

For two decades researchers have investigated numerous nuclear reactions with the goal of
producing clinical quantities of high-purity iodine-123. The l23Tc(p,n) l23i reaction has been
reevaluated using an internal target for high yields and various enrichments of tellurium-123
target material for higli purity. By using the technique cited, curie quantities of iodine-123
with a 0.23% iodine-124 radioimpurity can be produced with IS-MeV protons.

Some nsw information on the l23Te(p,n)mI reaction has recently been
published by Barrall and associates (1981). The work was stimulated by a
paper published by Lambrecht and co-workers indicating that, even if
100% l24Te was available as target material for the l24Te(p,2n)l23I reac-
tion, the I24I content of the final product would never be less than 0.5% at
end of bombardment (Kendo, Lambrecht, and Wolf, 1977). The rationale
of our paper is based on the premise that a proton bombardment with
15-MeV protons of 100% 123Te would produce pure mJ. In this energy
range I24I would be produced by the (p,n) reaction on l24Te in the target
material. Since 100% m T e (0.87% natural abundance) will probably never
be available, we calculated the percent of I24I impurity produced in the
!23I as a function of the 123Te-to-l2*Te ratio. Impurity levels circulated at
11.5 and 15 MeV are shown in Fig. 1. Note that if 123Te target material
with a 123Te-to-l24Te ratio of 90 were available, the 124I impurity would
approach 0.1% at end of bombardment.

The calculated values were experimentally verified at several points by
bombarding three different isotopic enrichments of l23Te at 11.5 MeV in
the external beam of the King Faisal Specialist Hospital CS-3C cyclotron.
The values are shown in Table 1. Note that, by using 91.5% l23Te pro-
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Fig. 1 Percent of iodine-124 radionuclidic impurity as a function of toe
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TABLE!

Sample No.

1
2
3

Iodine-124 Impurities for Various
Isotopic Enrichments

IMTe,%

76.67
87.45
91.5

12*Te,%

6.96
4.01
2.90

125Te,%

3.36
1.78
1.20

Expcrireatal*
'"] imparity

1.0S
0.51
0.34

•Average value for two experimental bombardments.

duced at Oak Ridge National Laboratory, I23I product containing 0.34%
n 4 I impurity at end of bombardment was obtained. Furthermore, the
experimental points from this study at 11.5 MeV and the previously
reported values at 15 MeV (Hupf, Eldridge, and Beaver, 1968) correlate
with the calculated values shown in Fig. 1.

One disadvantage of using the (p,n) reaction to produce I23I is that a
lower product yield results from the lower reactfon cross section as com-
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pared to the (p,2n) reaction. In an attempt to overcome this problem, Bar-
rail et al. (1981) developed a high-power (at least 2-kVV) electrothermal-
deposition tellurium target, which is described in their paper. By using the
described target with isotopically enriched 123Te having a l23Te-to-124Te
ratio of 60 (approximately 96% l23Te) and bombarded with 15-MeV pro-
tons at 133 /uA, it is possible to produce 1 Ci of I23I in about 2 hr with an
124I impurity of 0.23%. Reducing the energy to 11.5 MeV will lower the
I24I impurity, but the yield also will be reduced by approximately 60%.

We feel that the (n,n) reaction at 15 MeV which uses a high-power
target approach tc produce a high-purity 123I is more expeditious than
building a 70-MeV cyclotron or depending upon the very few 70 -f-MsV
accelerators which are currently in existence. Many cyclotrons around the
world are capable of providing 15-MeV protons. In my opinion the
problem of a reasonable supply of high-purity I23I is much more economic
than technologic. Isotopically enriched 123Te at mTe-to-124Te ratios of 60
and above can be produced if one is willing to invest sufficient funds. The
apparent current demand for I23I does not seem to justify such investment.
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Short-Lived Radiopharmaceutical
Development at E. R. Squibb & Sons, Inc.

MICHAEL D. LOBERG, Ph.D.
E. R. Squibb & Sons, Inc., New Brunswick, New Jersey

ABSTRACT

This paper describes the present status and future plans of E. R. Squibb & Sons, Inc. as they
relate to the development of short-lived radiopharmaceuticals. The advantages of short-lived
radiopharmaceuticals are summarized as are the problems inherent in their manufacture,
quality control, and distribution. The nuclear generator is advocated as the best means of dis-
tributing short-lived radiopharmaceuticals. The E. R. Squibb & Sons work with the
!2Sr—»!2Rb generator is summarized.

I would like to thank the program committee for allowing me this oppor-
tunity to give Squibb's views on the future of short-lived radiopharmaceu-
ticals. We are pleased to participate in this multispecialty approach to
solving some of the unique problems of such short-lived drugs.

As this meeting has gone on and as the discussions have continued, it is
becoming clear that three things are being asked of the commercial
radiopharmaceutical supplier. First, he is being asked very generally to
support the development of short-lived radiopharmaceuticals. Second, as
this meeting is focused primarily on iodine-123, the commercial supplier is
being asked to comment on the distribution of iodine-123. Finally,
although it has been articulated to a lesser extent, the commercial com-
panies are being asked to comment on their ability to develop and market
NDA (New Drug Application) approved radiopharmaceuticals labeled
with iodine-123. I will attempt to address all these points while emphasiz-
ing the present commitment of E. R. Squibb & Sons to the development
of short-lived radiopharmaceuticals.

Our company supports the use of short-lived radiopharmaceuticals for
the dosimetric reasons we have heard stated previously and also for the
very practical reason that it appears to be the next logical step in the
development of clinical nuclear medicine. In this regard the 13-hr half-life
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of iodine-123 is dosimetrically advantageous, but it should not be con-
sidered magical. The radiopharmaceuiical scientist attempts to develop
drugs which minimize the patient's post-scanning radiation exposure, i.e.,
that portion of the dose which occurs after the image has bessn formed and
which is without benefit. In accomplishing this, one incorporates radioiso-
topes with very short physical half-lives into radiopharmaceuticals that
rapidly localize in the target organ. la general, the shorter the physical
half-life the better, provided the uptake in the target organ is equally
rapid. Indeed, an unfortunate dichotomy exists between the desire of the
nuclear medicine clinician to have available radioisotopes of shorter half-
life and the ability of the commercial manufacturer to distribute them.
This problem was originally and best addressed with the use of ths
radioisotope generator. The generator combines the dosimetric advantages
of short-lived radioisotopes with the economies of commercial distribution
and clinical inventory.

In the absence of this meeting, E. R. Squibb & Sons has proceeded
to develop new short-lived radiophannaceuticals, but our efforts to date
have been directed at expanding our base in nuclear generator technology.
The strontium-82-rubidium-82 generator is an example of one such tech-
nology that is currently undergoing clinical evaluation. This generator sys-
tem is summarized as

82Sr «-82Rb *- 82Kr(stable)
\v 25 days l v 1.3 rain

and the associated benefits of rubidium-82 are that it
1. Measures regional myocardial perfusion.
2. Yields quantitative tomographic images.
3. Can record rapid changes ir myocardial function.
4. Results in minimal radiation exposure to patient.

Of paramount importance to this meeting is the ability to inventory a
76-sec Lalf-life radioisotope in the nuclear medicine clinic for up to a one-
month interval. This provides the clinic with the ability to measure
myocardial perfusion and ventricular function even in the absence of p-<or
scheduling.

There are other less obvious advantages to the use of a 76-s«c half-Hie
radioisotope. For one, the emitted radiation is much more efficiently
incorporated into high-resolution images than is the case in i. .̂1 other
nuclear medicine procedures. As is typically the case, the majority cf the
patients' radiation exposure occurs during the minutes to hours between
administration and scanning or in the indefinitely long postscanning
period. This has the effect of reducing the amount of radioactivity that can
be administered to a patient, thereby increasing '.he scan time and limiting
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TABLE 1

Comparison of SnO2to Other Reported Rb-82 Generator Systems

Bio-Rex 70*
Chclcx 1(10*

AI;O,*

AI.O,t

Zr(),t
Zr<>j+

SnO.S

Column
size, ml

2.25
2.25

2.25
2 75
2.75

2 75
2 75

2

% Nl

2
2

2

0.9

0.9

09
0.9

0.9

Fluent

(1 pH

8 to 9
8 10 9

8 io9
7.5
7.5

75
7.5

7.5

Elution
speed,

ml/min

60
90

90
300

6

300
6

50

Percent
"Rb
vield

in
20 ml

72
90

76
35
t
56

65

8;!Sr
breik-

through,
lii'i ml ' mCi '

5 X 10 ' l o S X 10 4

5 X 10 s to 5 X 10 '

5 X 10 s lo 5 X 10 '

10 4

t
2 X 10 '

2 X 10 *

Elulion

volume,

liters

1.5

1.4

6

13

13

13

13

16

•Y. Yano. T I Budingcr. G. Chiang, H. A. O'Brien, and P. M. Grant, J Nucl. Med.. 20: 961
(I'I79|

+S Kulpralhipanja. I) I Hnatowich. and R. Ben. Inl ./ Appl Radial I sol. 30: 447 (1979).
|Nol measured.
§R [). Neinnckx, J I- Kronauge, G. P. Gennaro, M. I). Loberg, and Los Alamos Medical

RadiniMilope Grrnip. J Vu, / Med.. 2.V 245 (1982).

the number of patients who can be studied per imaging instrument per
day. Only with short-lived radioisotopes such as rubidium-82 can we '
approach the case of radiography wherein the patient-exposure times and
imaging times are consonant.

The development of a rubidium-82 generator requires an inorganic
solid support for separating rubidium-32 from its strontium-82 parent.
Several such supports are compared in Table 1. Our technology is
developed around the SnO2 adsorbent. It produces rubidium-82 in near
theoretical yield, has strontium-82 breakthrough levels that are three
orders of magnitude less than corresponding molybdenum-99 levels seen
with the "Mo—•99mTc generator and can be eluted with physiological
saline at flow rates of 50 ml/min.

Because of its short half-life, rubidium-82 cannot be eluted in a batch
process as typically employed with existing generators. Instead we require
an infusion system like that shown in Fig. 1. This system elutes the gen-
erator at a predetermined flow rate and then passes the eluate in front of a
microprocessor-controlled radiation detector. The microprocessor controls
the elution flow rate and volume, the patient-administered dose in millicu-
ries, and the specific concentration (in millicuries per milliliter) at which
patient administration begins. By using this infusion system, the patient
can be administered up to 80% of the generator's labeled potency.
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Certainly generator systems and positive-pressure infusion systems are
one way of bringing short-lived radiopharmaceuticals into the clinic. But
this does not diminish the potential of iodine-123 nor the need to
encourage its use. At the time of our last meeting in 197S, I was working
at the University of Maryland and using a methylene iodide target and the
(p,5n) reaction to produce iodine-123. Distribution of the drug was accom-
plished through the University of Maryland Central Nuclear Pharmacy.
Our conclusions reached at that time were that, for iodine-123 to enjoy
widespread commercial use, we not only needed to take advantage of its
dosimetric capabilities but we also needed to further exploit the versatility
of radioiodination. The key to the proliferation of iodine-123 would appear
to lie in the development of a broad spectrum of new iodine-123-containing
drugs for clinical indications that cannot be met by using generator tech-
nologies.

To this end the presentations scheduled for this afternoon and evening
are vital. Personally I am of the opinion that new iodine-123 drugs should
be directed toward indications other than the measurement of regional per-
fusion. Scientists should look toward agents that measure regional me-
tabolism and receptor concentration. It is in these areas that iodine-123
might play its most significant role both in terms of reduced patient
dosimetry and breadth of clinical utility.



BNPI's Approach

MALCOLM H. BENEDICT
Ben sdicl Nuclear Pharmaceuticals, Inc. Golden, Colorado

ABSTRACT

One of the goals of Benedict Nuclear Pharmaceuticals, Inc. (BNPI) is to make available
high-purity I-123 to the nuclear medical community. Logistical difficulties coupled with regu-
latory requirements crsate problems for a company such as this where a major thrust has
been related to contract cyclotron services. We support, therefore, the development and utili-
zation of a m X e - * m I generator system. The various steps taken by BNPI to solve logistical
problems, to improve radiopharmaceutical production techniques, to extend services to smaller
communities by utilizing mobile imaging facilities and short-lived radiopharmaceuticals, and
to promote control distribution centers are described.

Our company, BNPI, is a newcomer to the national and international com-
munity interested in the development and distribution of short-lived
radiopharmaceuticals and radiochemicals. Our overall objective is to con-
tinue the transfer of our own scientific technology and the best from
research at the universities and mtional laboratories for utilization within
the nuclear medicine community. To this end we have for several years
been pursuing research, development, and manufacturing techniques to
bring to the end user radiochemicals and radiopharmaceuticals of high
quality.

Because the field of science related to radiopharmaceuticals is not
totally understood, all of us in this field must strive even harder to develop
the absolutely purest of radiochemicals and radiopharmaceuticals. For
years scientists and physicians have reviewed the merits of various produc-
tion methods of iodine-123 as represented by the 1975 symposium entitled
"Applications of Iodine-123 in Nuclear Medicine," which was sponsored by
the Bureau of Radiological Health of the U. S. Food and Drug Adminis-
tration. We must continue to discuss and debate the methodology of these
developments.
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Our company's fundamental premise, related to our first efforts to pro-
duce high-purity sodium iodide (I23I) is that the 70-MeV cyclotron system,
as presented in the 1975 symposium, is the approach for the future. We
fully recognize the importance of the 30-MeV and 42-MeV cyclotron pro-
duction and research programs and the role they have played to date in
nuclear medicine development.

Scientific personnel from our company and from Crocker Nuclear
Laboratory have presented scientific information related to the production,
transportation, and purity of iodine-123 produced by the (p,5n) reaction.

In reviewing presentations related to the 1975 symposium, I found it
apparent that logistical difficulties are a major stumbling block to the fur-
ther development of short-lived radiopharmaceuticals. When logistical
problems are coupled with multiple regulatory requirements, the resulting
combination creates problems for a company such as ours whose major
thrust has been related to contract cyclotron services. As an example of
finding solutions to these types of problems, we have continued to support
the development of a xenon-123-* iodine-123 generator system to expedite
transportation of iodine-123 from Crocker Nuclear Laboratory to our
manufacturing facilities. This system also lends itself to supplying in the
future other commercial enterprises needing large quantities of radiochem-
ical iodine-123 products for radiolabeiing purposes.

As the commercial and regulatory audiences clearly understand, the
manufacture and distribution of short-lived radiopharmaceuticals requires
a modern facility, as well as a highly skilled technical work force. To date
we have attracted a number of leading scientists and industrial specialists
to either work directly or consult with our company in guiding and direct-
ing its activities into the future. Our purpose is to continue to try to
attract such types of individuals, as well as regulatory specialists, to help
solve the difficulties related to our needs in the industry.

Because of our experience in beginning a new drug company under the
established current regulatory guidelines, we had to develop many techno-
logical innovations related to the manufacture and testing of our short-
lived radiopharmaceutical and radiochemical products. Examples of such
innovations are automatic precision-filling equipment for large-scale
capsule-manufacturing operations and the ability to test every single dose
form for radionuclidic considerations as it leaves the production lines.
Although this type of approach to the manufacture of short-lived
radiopharmaceuticals is somewhat burdensome, we believe they are
mechanisms for improving good manufacturing practices related to these
activities.

BNPI's approach as described previously allows us to provide short-
lived radiolabeled compounds in whatever form requested either by
researchers or by the medical community. Such interest in short-lived
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radiolabeled compounds is also exemplified by the number of papers
presented at this meeting. If these innovative product-related research
results are to be turned into products for the nuclear medicine community,
the science and technology has to be coupled with creative and innovative
companies that focus on manufacturing and distribution functions, in con-
junction with the help and support of our regulatory agencies.

Logistical problems associated with the use of short-lived radiopharma-
ceuticals is one of the major stumbling blocks to efficient production and
utilization. In an attempt to provide the most efficient use of BNPI's
products and services, we have established functioning, centralized nuclear
pharmaceutical production programs in two locations to experiment and
evaluate their utilization in distribution of radiopharmaceuticals. Programs
of this type have been in existence for a number of years, and members of
our company have provided many innovations. It should be noted that we
believe ths* central nuclear pharmacies and/or distribution centers will
play an important role in the future development of short-lived radiophar-
maceuticals. We also believe that the focus of these operations will change
dramatically to reflect distribution patterns for new drug products
envisioned within the next few years. It is our intention to continue to eval-
uate our programs and to improve the efficiency of their operation.

To extend the usefulness of short-lived radiopharmaceuticals into the
community, we have installed a mobile imaging service facility that
currently covers areas of Colorado, Kansas, Nebraska, and Wyoming. In
our opinion extension of this service to smaller communities serves several
purposes such as reduced patient expense, improved nuclear medical prac-
tice, and introduction of new and better products to a neglected segment of
the medical community. These programs represent a service and provide a
natural outlet to the centralized nuclear pharmaceutical programs.

Various highlights of our company's efforts can be summarized as fol-
lows:

1. We have made a concerted effort to involve the scientific medical
community by supporting scientists and physicians in their respective insti-
tutions, as illustrated and represented by Crocker Nuclear Laboratory.

2. Logistical problems have been improved by continued work and
support of technical innovations, such as the l23Xe-»l23I generator.

3. Production techniques have required innovative procedures both for
filling operations and for testing procedures.

4. We believe nuclear pharmacies should play an important part in
the development of short-lived radiopharmaceuticals, as well as mobile
diagnostic services for extension of short-lived radiopharmaceutical use to
the medical community.

5. We continue toward the goal of improving nuclear medical practice.
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In conclusion, I wish to mention that this interchange of scientific and
commercial ideas and technology reinforces BNPI's efforts to produce and
distribute a high-purity iodine-123 and its various derivatives along with
other useful short-lived radionuclides currently under development.



Short-Lived Cyclotron-Produced
Radioisotopes: Medi-Physics, Inc.'s
Commitment

HENRY H. KRAMER, Ph.D.
Jviedi-Physics, Inc., Emeryville, California

ABSTRACT

Medi-Physics, Inc., is a major U. S. supplier of short-lived cyclotron-produced radioisotopes
for radiopharmaceuticals, as well as routinely producing and distributing the greatest number
of I231 radiopharmaceuticals. The present corr-nercial production capacity for I23I is more
than ten times the theoretical need for existing procedures and is more than adequate for the
research and development of new radiopharmaceuticals. However, production capacity is only
one component of many that are required to supply a radioisotope for human use. These com-
ponents are summarized in this paper.

The commitment of Medi-Physics, Inc. (MPI) to short-lived cyclotron-
produced radioisotopes is greater than that of any other radiopharmaceuti-
cal manufacturer in the United States. As outlined in Table 1, MPI
routinely produces five short-lived cyclotron radionuclides by using four
geographically dispersed cyclotrons (i.e., near Chicago, near New York
City, and near San Francisco). This permits the distribution of radionu-
clides, whose half-lives are of the order of hours, to a large segment of the
U. S. population. The radionuclides produced by MPI are used to
manufacture five drugs that have received New Drug Application (NDA)
approval. MPI is the only radiopharmaceutical manufacturer that produces
and distributes all the routinely available radiodiagnostics using short-lived
cyclotron-produced radionuclides. In addition, MPI has a new drug under
NDA review (i.e., 123I-OIH) and has active research programs to develop
additional radiopharmaceuticals based on short-lived radionuclides
(Table 1). This summary demonstrates that MPI is fully committed to the
development, production, and distribution of radiodiagnostics utilizing
short-lived cyclotron-produced radionuclides.

There is a general misconception that a shortage of I23I exists. Table 2
shows the current 123I demand and supply. In 1980 there were 410,000 -
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TABLE!

MPI Commitment to S&ort-Lived
Cyclotron-Produced Radioaudides

Production capability: Four cyclotrons

Produced radionuclides: 8 l Rb- 8 ' m Kr , I 2 3 I , *7Ga, ' " i n , 2OIT1

Commercially available products
Drugs

Kr ventilation generator
I capsules

123I solution
67Ga citrate
' " i n D T P A *
2OIT1 chloride

Radiochemicals
1 1 ' in chloride
' " inox ine

NDA submitted product
I23I-OIH

Research programs
123I fatty acids

I brain-imaging agent
I and In monoclonal antibodies

Bifunctional agents ( ' " i n and " m T c )
8 1 mKr perfusion generator

*Diethylenetriaminepentaacetic acid.

thyroid scan-and-uptake procedures performed with both I23I and 13II.
Twenty-two thousand kidney procedures (i.e., with I3II-OIH) were per-
formed in 1980. On the basis of these numbers and the assumption that all
procedures were performed with 123I, the combined theoretical demand for
123I was 74 Ci in 1980. Further, assuming production losses and quality
control needs to equal the amount that would be needed, the theoretical
demand for 1 B I for existing procedures is no more than 148 Ci per year.
Also shown in Table 2 is the current minimum U. S. cyclotron capacity
for I23I produced by the (p,2n) reaction. The combined theoretical capac-
ity for the ten existing industrial cyclotrons is ~ 1,600 Ci per year, a pro-
duction capacity that is more than ten times the theoretical need for exist-
ing procedures. On the other hand, I23I produced b\ the (p,Sn) reaction is
currently not available from any commercial supplier in the United States.
In the past the 1Z3I from the (p,5n) reaction has been available only on a
periodic basis from the Crocker Nuclear Laboratory (University of Cali-
fornia, Davis, Calif.).
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TABLE 2

Iodine-123 Demand and Supply

Dtmaat

Theoretical l23l Demand for Existing Procedures, 1980

No. of

Procedure

Thyroid
Kidney

scans and
uptake

410,000
22,000

X
X

Recommended
dose, mCi

0.S
1.5

Total

Demand,
mCi

41,000
33.COO
74,000

Production losses and
quality control needs 74,000

Theoretical demand 148 Ci/yr

Current Minimum U. S. 22-MeV Cyclotron Capacity*

Production

5 mCi/jiamp-hr X 50 JIA X 10 hr 2,500 mCi/run
Assumed decay of 26 hr 625 mCi/run
Assumed 5 days of production 3,125 mCi/week

Total capacity per cyclotroii per .ear 162 Ci/year
Total minimum capacity in United States

162 Ci/year X 10 industrial cyclotrons 1,620 Ci/year

'For iodine-1'23 produced by tne (p,2n) reaction.

The 123I produced by the (p,2n) reaction contains appreciable quanti-
ties of I24I that degrades the I23I image when compared to images
obtained from I23I containing no I24I. The I23I from the (p,5n) reaction
contains no I24I and only minor amounts of I25I. Hence the imaging qual-
ity of 123I from the (p,5n) reaction is thsoreticaUy better than the quality
of 123I images produced by the (p,2n) reaction. It is perceived by many
that the lack of availability of 123I from the (p,5n) reaction has inhibited
the development of I23I radiopharmaceuticals. On the basis of MPI experi-
ences, the lack of >23I produced by the (p,Sn) reaction has not inhibited
research and development (R&D) for new I23I radiopharmaceuticals. A
more than adequate supply of I23! for the R&D of new radiodisgnostics is
available. Such R&D covers the fallowing work scopes: physics, chemistry,
quality control tests, quality control test validation studies, shelf-life
stability studies of the components and final drug, pharmacology, toxicol-
ogy, and limited clinical trials. These studies will indicate which radiophar-
maceuticals would require the high-resolution 123I from the (p,5n) reaction
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TABLE 3

Regulatory Requirements for the Active Ingredient of a Drug

Drug Master File (DMF)
Organization and personnel
Buildings and facilities (design, maintenance)
Equipment (design, location, maintenance, calibration)
Articles of manufacture [production procedures; quantities;

yields; purity of starting materials, intermediates, and
final product; current good manufacturing practice (CGMP)]

Packaging and labeling (containers, closures, CGMP)
Production and process controls (monitoring)
Laboratory controls (test methods, stability)
Product problem report and responses
Environmental impact analysis
User notification

Food and Drug Administration Inspections

Nuclear Regulatory Commission and Department of Transportation Regulations
Licenses
Shipping
Inventory and possession control

for broad clinical utility and those which would not. A specific example is
the new MPI brain-imaging agent; i.e., 123I-N-isopropyl-p- iodoamphetam-
ine. This agent was developed without utilizing a single millicurie of I23I
produced by the (p,5n) reaction. Our current studies indicate that l23I
from the (p,2n) reaction is adequate for a number of clinical indications.
However, m I produced by the (p,5n) reaction may be needed to broaden
the clinical utility of this agent.

It is also perceived that the I23I from the (p,5rt) reaction yields a
significantly lower radiation dose to the patient than the m I from the
(p,2n) reaction. This is essentially true if the iodine is not incorporated
into the DNA-RNA replication and if the bio'ogical half-life of the drug
in the organ is reasonably short. The radiation dose, however, could be sig-
nificantly higher with the 123I produced by the (p,5n) reaction if the iodine
is incorporated into the DNA-RNA replication and if the biological half-
life of the drug in the organ exceeds approximately one week. Therefore
the selection of which kind of m I should be used for a particular
radiopharniaceutical may depend on a balance between risks and benefits;
i.e., better images but a higher radiation dose.

The end result of all new technology is the transfer of this technology
to industry for production and distribution of an NDA-approvcd drug. For
any manufacturer to be able to use any active ingredient (e.g., i23I), the
supplier of the active ingredient must have a Drug Master File (DMF)
approved by the Food and Drug Administration (FDA). Table 3 is a brief
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TABLE 4

Commercial Vendor Minimum Requirements

Approved Drug Master File
Fixed product specifications (formulation, radionuclidic

purity, radiochemical purity, pH, primary container,
shipment container)

Distribution services (delivery schedules and problems)
Reliable daily delivery to arrive at a commercial facility

by 6 a.m. (including weekends and holidays)
Precalibration (e.g., noon the day after delivery of iodine-123)
Minimum activity per shipment (e.g., 1, 2, 10 Ci for icidine-123)
Acceptable cos)
Accounts receivable policy (universally applied and enforced)
Technical services (problem solving)

outline of the regulatory requirements for the active ingredient of a drug.
The DMF must contain items such as a list of the personnel and organiza-
tion, <o identify those persons who are legally responsible for all facets of
manufacturing the active ingredient for the drug; a detailed description of
the articles of manufacture which includes production yields and purity of
the starting materials, intermediates, and final product; bow the produc-
tion and processes are controlled, monitored, tested, and validated; how all
problems are repotted to the management, FDA, and user of the materi-
als; as well as the environmental impact analysis. If the specifications of
the articles of manufacture are changed in any way, a new DMF is
required. If any aspect of producing the active ingredient is changed, but
the specification of the ingredient has not been changed, both the FDA
and the user must be notified before the change to alert the user to look
for any possible changes in the characteristics and performance of the
active ingredient. If the active ingredient is radioactive, additional regula-
tions must be adhered to, i.e., the Nuclear Regulatory Commission (NRC)
and the Department of Transportation (DOT) regulations.

Meeting or conforming to all the regulations does not ensure that a
specific active ingredient or radiochemical will be acceptable to the
manufacturer of the final NDA-approved drug. A number of critical
requirements are imposed by the marketplace itself which directly af/ect
the manufacturer, and, in turn, the supplier of the active ingredient. Such
commercial vendor minimum requirements are briefly outlined in Table 4.
Such requirements include: fixed product specifications; reliable daily
delivery, including weekends and holidays, by a specific time such that the
short-lived radiopharmaceutical can be manufactured and placed into the
distribution channel early enough to reach the users; 24-hour availability
to the supplier's technical service and distribution departments; daily inter-
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action with a business department whose business policies are well defined
and universally applied; ability to supply the anticipated minimum
amounts per shipment; and an acceptable cost for the active ingredient.
The technical service department, distribution department, and business
department all are part of the total cost of supplying any active ingredient.
The minimum I23I activity needed in a given shipment for a single
manufacturing lot is aisticipated to be no less than 1 Ci at calibration of
the final product. A supplier who cannot meet the above minimum
requirements is, in essence, not a supplier.

In summary, there is an adequate supply of 123I from which to develop
new 123I radiopharmaceuticals. The. lack of I23I produced by the (p,5n)
reaction does not inhibit such development. However, the broadest clinical
utility of any I23I radiopharmacutica) can only be obtain &d with 123I not
containing any other radionuclides such as I24I. In some esses it is theoret-
ically possible that the high-resolution 123I could give rise to a higher radi-
ation dose as a result of the 12SI conta.ninant when compared to 123I
produced by the (p,2n) reaction which contains significant quantities of
I24I. In such cases the risk-vs.-bsnefit decision must be made. The supplier
of any active ingredient, e.g., >23I, must conform to the regulatory require-
ments and must fulfill the commercial vendor minimum requirements
before any drug would be developed into an NDA-approved product and
distributed nationally.



An Industrial System for Producing
lodine-123

J. CALVIN BRANTLEY, Ph.D.
New England Nuclear, Boston, Massachusetts

ABSTRACT

An industrial system co produce iodine-123 requires a complex set of steps involving new
approaches by the Food and Drug Administration, difficult distribution procedures, and evi-
dence from potential users that either very pure iodine-123 or inexpensive iodine-123 is
needed. Industry has shown its willingness to invest in new radionuctides but needs strong
evidence as to product potential to justify those investments.

So far this meeting has added more blind avenues to the. maze than it hat.
opened pathways through the maze. However, the questions raised have
suggested, to me at least, that we may be approaching a crossroads; in
nuclear medicine. The system of supply of radiopharmaceuticals, both in
production and delivery, which has evolved during the last 25 years, may
be heading for major changes. Henry Wellman has just outlined some
specifics of the system we now have. I shall try to address the political,
economic, and regulatory issues that the system may have to meet.

First, let us consider the definition of "short-lived." Yesterday Dr.
Myers described all our currently used radionuclides as long-lived, any-
thing over one day. Henry Wellman suggested 2 hours to 3 days as a good
definition. To a commercial producer only one factor determines what is
short or long—the physical distribution system. In the United States the
distribution system on average requires 14 to 16 hr from the producing
plant to the user's hospital, e.g., from 4:00 p.m. on one day to 6:00 to
8:00 a.m. the next day. Thus a 13-hr rrdionuclide requires three half
lives to proJuce it, package it, and ship it. That is ultrashort-lived if distri-
bution times are used to define it. The two to three dr vs of most of our
radionuclides is short-lived, and the eight days of iodine-131 is long-lived.
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To determine the commercial feasibility of any radionuclide is a com-
plex process, but to define it for a 13-hr half-life product is ultracomplex,
especially when the product is surrounded by the emotional and political
overtones that iodine-123 has developed. The process starts—if a starting
point even exists—with regulatory issues, goes on to the need for invest-
ment in research and development (R&D) and facilities, gets into produc-
tion costs, then examines the reliability and costs of production, and, above
all, the marketability of the product.

The regulatory problems can range from Food and Drug Administra-
tion (FDA) approvals through Department of Transportation (DOT) rules
on delivery to state rules for pharmacy operations. But it is the FDA
approvals that most concern us here. Yesterday Dr. Frankel described to
us a process in which the first applicant for a new product gets a 1A clas-
sification, whereas the second applicant gets a SC rating. The 1A rating
may be approved in 12 to 18 months, but the SC rating approval may take
48 to 60 months. If the 5C rating is complicated by the fact that the
iodine-123 from each supplier can differ in efficacy as a result of varying
amounts of impurities, approval can become still more complicated.

To get iodine-123 off the mark, the FDA and the medical community
wil! need some new approaches to recognize that multiple suppliers may be
an absolute necessity, not mc-too applicants. Production of iodine-123 is
obviously an unusually complex problem. It requires particle energies
greater than 30 to 40 MeV or a stable isotope target that appro? .;hes
100% purity. Either approach results in its becoming more and more
expensive. It has the shortest half-life of any commercial radionuclide,
hence its distribution costs are high unless there are multiple centers of
production, strategically located to lessen the cost.

The same things could have been said about gallium-67 and thallium-
201 a few years ago. Gerry BeNardo, I think, had this in mind yesterday
when he said that we had solved hard problems in the past so why could
we not do it again. After thinking about it overnight, I believe I have the
answer. Although gallium-67 and thallium-201 required large investments
and have high costs due to these investments and to the need for high-cost
stable isotope targets, both radionuclides had unique markets. There was
no competition. They answered a need. Yet today I suspect that more
money is being spent on finding a cheaper substitute for thallium-201 than
is being spent on any other application. High-cost radionuclides are sub-
ject to this sort of attack—they are vulnerable.

In the case of iodine-123, there is competition, a low-cost competition.
To convince stockholders and boards of directors to invest money, you
need good evidence. Yesterday Peter Paras said, "Products such as this
need support by meetings such as this." I can assure you that no board of
directors will be, reassured or convinced by this meeting.
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Last week on one of my frequent flights to this city, I was struggling to
fit my big feet and long legs into the center seat in the coach section. Dur-
ing my druggies I was listening to the stewardess bragging about the new
configuration and how the new overhead racks were designed to accommo-
date overcoats, briefcases, garment bags, and small carry-on bags. This led
me to a rather loud statement: "The blankety-blank plane accommodates
everything except people."

We ought to build the evidence to accommodate the need: investment
and commitment—either from industry or from government. What evi-
dence, you will ask—evidence of growing use. R&D results do not supply
this. Meetings do not supply this. Growth in Medi-Physics sales will do it.
Growth in use in hospitals will do it.

Industry has no free money for investment, that is, it pays high interest
rates and needs to earn a profit to provide payback of the invested capital.
It also needs a profit to pay for new R&D to lower costs, to improve
products, and to develop new products. Unfortunately, today you can
make more money by investing your funds in the money market than you
can by investing in a radiopharmaceutical firm.

I raise this cost problem because this meeting appears to have two
mutually exclusive objectives: (!) pure iodine-123 and (2) cheap iodine-
123. With divided objectives industry will hold back on investments until it
can pick an objective that appears to satisfy the majority of the customers.

Where does this leave us? In my opinion it leaves us approaching that
crossroads where we will either have multiple suppliers, located geographi-
cally for minimization of the distribution times and producing cheaper
iodine-123, or we will have one or two suppliers producing pure iodine-123
at high costs with large investments.

Industry is in its usual position. It has backed DOE (Department of
Energy) research on new radionuciides. The work has partially succeeded,
enough to satisfy many of you but not enough to convince financial men to
invest multimillion dollars in new facilities. Some of you think this makes
us look conservative. I maintain that we have shown that we will move
when we have the incentive, sometimes when most of you are still not con-
vinced. Fourteen years ago when my own company announced its inten-
tion to build a cyclotron to make radionuciides, we were generally viewed
as having lost our marbles. Today there are 10 cyclotrons in industrial
operations. That represents a large amount of money and many people
committed to cyclotron-produced radionuciides.

Cooperation between the national laboratories, DOE, SNM (Society of
Nuclear Medicine), ACNP (American College of Nuclear Physicians),
and industry has worked to get molybdenum-99, gallium-67, and thal-
lium-201 to patients. Maybe cooperation will work again. New England
Nuclear, for example, has large facilities for cyclotron production; yet we



AN INDUSTRIAL SYSTEM FOR PRODUCING IODINE 123 265

are also extremely large customers of the Brookhave* National Laboratory
and Oak Ridge National Laboratory cyclotrons foi radionuclides with
half-times of >2 days. We will continue to use any method to produce
radiopharmaceuticals which can be efficient and can meet regulatory
requirements, and to find customers to buy them.
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ABSTRACT

The potential of the short-lived radionuclides used in nuclear medicine applications and
Mallinckrodt's position are discussed. An update of Mallinckrodt's activities and future plans
are also given. The keen interest of Mallinckrodt, Inc., in the application and development of
short-lived radionuclides for medical use is stressed, as well as envisioned innovations.

Mallinckrodt really is the neophyte in the production of short-lived
radionuclides in the United States. We currently operate two 30-MeV
cyclotrons, one of which is located in Holland through our joint-venture
partner Byk-Maiiinckrodt Cyclotron and Isotope Laboratories (CIL), on
the North Sea in Petten. The other is located in St. Louis, Missouri, and
has been operational since December 1981. Also, we expect delivery of a
42-MeV cyclotron in St. Louis next month. Products currently supplied by
Mallinckrodt are thallium-201 and gallium-67, for use in the United
States.

We at Mallinckrodt see a tremendous potential for the short-lived
radionuclides and the future role of nuclear medicine. However, because of
the lack of domestic cyclofron capability, much of our research and devel-
opment activities has been thwarted. The chemical carrier groups also need
to be developed in conjut; :tton with the short-lived radionuclides. Such
efforts and such pharmaceuucat compounds will require joint cooperation
between industry and university sites to develop these products. Mallinck-
rodt last year committed funds to Washington Untversity School of Medi-
cine of S3.9 million for seed research in the development of antibody and
labeled-antibody technology. To my knowledge this is the largest single
grant specifically designated for antibody technology in the United States.
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Short-lived radionuclide tracers are still a question as are labeled anti-
bodies. We see a cadre of short-lived radionuclides that well may be uti-
lized with labeled antibodies, such as iodine-123, gallium-67, indium-Ill,
and bromine-77. I must add that, for both labeled antibodies and fatty
acid technology for myocardial imaging, the question is still not answered
up to this point.

Currently our joint-venture partner, Byk-Mallinckrodt CIL, has
developed a short-lived radionuclide generator which in the very early clin-
ical investigations shown promise. As a matter of fact, Dr. Ismael Mena's
paper (p. 334, this volume) outlines something more regarding this short-
lived radionuclide. Briefly, the parent nuclide is mercury-195, with a half-
life of 40 hr, which decays to gold-195m and a half-life of 30.5 sec. Early
reports, both in Europe and from the three collaborators in the United
States, indicate that gold-195m can be useful in first-pass radionuclide
studies of the heart. Gold- 195m allows for multiple injections of the
radionuclide without increasing the radiation dose to the patient. Also, the
clinical investigators can perform intervention studies, as well as obtain
multiple views; these are obvious benefits of the short-lived radionuclide
gold-195m.

As for "pure" iodine-123, which seems to be the focus of this sympo-
sium, it has been an interest with Mallinckrodt for a number of years,
both in the United States and throughout Europe. Mallinckrodt has been
extremely interested in being able to supply pure iodine-123. Based on the
current market, however, Mallinckrodt has not been able to justify the
capital to purchase a cyclotron in the 55- to 70-MeV range for the produc-
tion of iodine-123. As a company, however, because of labeled-antibody
and fatty-acid technology, we need to reevaluate the needs that physicians
in the clinical community will have in the near future. But at this point
Mailinckrodt feels that iodine-123 will most definitely play an extremely
important role in the future of nuclear medicine. I would add that as a
company we would like to evaluate and explore alternatives, specifically
those outlined by the RadPharm group, and (p,5n) reaction for the avail-
ability of iodine-123 in a purer format which has less iodine-124 as a con-
taminant.

In summation, I would like to leave you with the idea that Mal-
linckrodt is committed to developing for future use short-lived radionu-
clides for you and the nuclear medicine community. I would add that we
try to work uiiigently with you in your settings. We hope to collaborate
with you a great deal in the future, and, where the needs are clearly
understood, I think we as a company will address them and you will get
what you need.
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ABSTRACT

The iodine-123 and bromine-75 production and development program at the Nuclear
Research Center in JUlich as of 1982 is described, and examples of recent 123I- and
"Br-analogue tracers that have been developed to the level of clinical trial are given.

Iodine-123 is produced via the mI(d,6n)123Xe-»roI process and by the 1MTe(p,2n)'Bi and
l22Te(d,n)'2!I reactions. These production methods are critically reviewed. The advantages of
the positron emitter bromine-75 (T^, 1.6 hr) are outlined, and the JUlich production method
via the "As(3He,3n)"Br reaction is briefly mentioned. Among the m I - and "Br-analogue
tracers, special emphasis is placed on various halofatty acids, including preparation, phar-
macokinetics, and the fate of the label. Results obtained by the isolated perfused heart tech-
nique indicate that in the healthy myocardium, the first fast elimination phase is governed by
permeation of the free radiohalide catabolite through the cell membrane, this process being
rate limiting. Attempts to synthesize I23I- and "Br-sugar analogues are also described,
the only potentially useful candidate being '5Br-methyl-2-deoxy-2-bromo-tri-O-acetyl-
/3-D-glucopyranoside, which rapidly accumulates in the brain wi'h 160% mean body concen-
tration (MBC).

Bromine-75-labeled benzodiazepines have been prepared for in vivo mapping of
benzodiazepine receptor sites. The 7-[75Br]-5-(2-fluorophenylH-methyl-l,3-dihydro-2H-
l,4-benzodiazepine-2-one (BFB) was prepared with a specific activity of >104 Ci/mmole. The
BPB is taken up rapidly by the brain with about 200% MBC and is retained there at useful
concentrations for a significant period of time. Finally, preparation and applications of the
halogenated amino acid L-3-[l23l]-iodo-a-mtthyUvrosinr (IMT) and the analogous 7!Br com-
pound (BMT) arc. reported. Both IMT and BMT have been successfully applied for pancreas
imaging and tomography, and IMT has been used for imaging both raelanotic and amelanotic
malignant melanoma <•,/ the eye.

The Jiilich Nuclear Research Establishment (Kernforschungsanlage Jiilich;
KFA) is mainly an energy center, but its facilities, infrastructure, and pos-
sibilities for interdisciplinary collaboration are also ideal for other pro-
grams. Its radiopharmaceutical program involves both production and
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development. This means production in the sense that certain radioisotopes
and radiopharmaceuticals are produced routinely for our on-site medical
department and also for some nearby institutions. The major emphasis,
however, is placed on the development of new radiopharmaceuticals. Here
two lines are pursued: (1) positron-emitting agents for on-site use in con-
junction with positron-emitting computerized tomography and (2) single-
photon emitters, in particular iodine-123 for off-site and on-site use. The
efforts are almost exclusively directed toward the development of organic
substrates and analogue tracers for probing functions in vivo.

Since the first European 123I panel, which was held at KFA Jiilich in
1976 (Qaim, StBcklin, and Weinreich, 1576), considerable progress has
been made both in routine production of 123I (Stocklin, 1977; Qaim, 1982)
and in the development of useful mI-labeled radiopharmaceuticais
(Stocklin and Kloster, 1982). It should also be emphasized that, among
the heavy halogens for analogue tracers, the positron emitter 75Br (T^,
1.6 hr) shows great promise and will therefore also be mentioned in this
paper.

The medically important heavy halogens and their decay characteristics
are listed in Table 1. Although 123I is ideal for single-photon emission
computed tomography (SPECT), 75Br with its 75.5% 0 + branching lends
itself to positron-emission computed tomography (PECT). Its long-lived
75Se daughter (T^, 118.5 days) generally does not cause a significant
increase in radiation dose to the patient. Bromine-77 with its ionger half-

TABLEl

Nuclear Data of Medically Important Neutron-Deficient
Radioisotopes of Heavy Halogens

Ruiio-
isotope

75Br«

77Br

123,

hr

1.6

57

!3.2

Mode of
decay

(%)

P+ (75.5)
EC (24.5)

P + (0.7)
EC (99.3)

EC (100)

koV

1740

336

Maingaraa
rays,keV(%)

286 (91.6)
141 (7)

7.39 (22.8)
521 (22.1)

159 (83)

lnugiog device

Positron-emission
computed
tomography (PECT)

Gamma camera with
high-energy
collimator

Single-photon emission
computed tomography
(SPECT), conventional
gamma camera

•Decays to 75Se (Tj* , 118.5 days).
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life of 57 hr is useful for longer lasting application, but imaging is diffi-
cult owing to its high-energy gamma line. Nevertheless, it might be a con-
venient isotope for simple screening procedures. The advantages of
radiobromine isotopes are obvious, such as

• The C-Br is stronger than the C-I bond.
• Br~ does not accumulate in the thyroid.
• Radiobromine labeling chemistry is as easy as that of iodine and

generally much simpler than that of 18F.
• In contrast to "C, bromine labeling can be achieved with much

higher specific activity.

PRODUCTION METHODS

KFA JUlich has two cyclotrons, the relatively high energy isochronous
cyclotron JULIC with 22 to 45 MeV per nucleon and the CV-28 compact
cyclotron. Both machines are used for isotope production, even though the
beam current of the JULIC machine, which is mainly used for nuclear
physics research, is generally too small. Nevertheless, it is also used for
I23I production via the 127I(d,6n)123Xe—123I reaction (Weinreich, Schult,
and Stocklin, 1974). The reaction parameters are given in Table 2. It can
be seen that this reaction is almost as good as *.he l27I(p,5n)'23Xe—»-123I
process both with regard to yield and to I2SI impurity. In addition, we use
the direct reaction 124Te(p,2n)l23I on highly enriched 124Te targets at the
CV-28. The CV-28 with its 24-MeV protons is not ideal for the production
of I23I with high current beams requiring cooling. With a Ax water-cooled
target, the optimum energy range, after degradation by the window and
the thin layer of wster, lies only from 22.4 to 20 MeV. With 99.9%
enriched l2*Te, the 124I impurity is 0.9% at end of bombardment (EOB).
Higher enrichment does not lead to higher purities, because of the compet-
ing (p,n) reaction on l24Te. The details of our production procedure have
been published elsewhere (Michael et al., 19S1).

For compact cyclotrons the (p,n) and (d,n) reactions also appear to be
promising, but so far detailed studies on nuclear data measurements are
missing. We have investigated the l22Te(d,n)123I reaction in detail (Zaidi,
Qaim, and Stocklin, 1983). The optimum energy for the production of I23I
at a compact cyclotron lies between 14 and 8 MeV. In this energy region
a theoretical yield of 1.7 .nCi/juamp-hr is obtained. This yield is only 25%
of the I23I yield expected from the (p,2n) reaction under optimum condi-
tions (Zaidi, Qaim, and StScklin, 1983; Kondo, Lambrecht, and Wolf,
1977). The levels of I24I, I26I, and 131I impurities associated with the (d,n)
reaction are rather small (0.08, 0.06, and 0.07%, respectively), the major
impurity being the 12.4-br I3OI (1.5%). Because of the comparable half-



TABLE 2

Production of Bromine-75, Bromine-77, and Iodine-12? at Nuclear Re* aeb Center, Jillicb

Rad-o-
isotopc

"Br
"3r
.23,

Piochctioa laate

"As('He,3n)1sBr
"Asla^n^Br

'nI(d,6n)'»Xe-^-'2:

1MTe(p,2n)'23I

'22Te(d,n) l23i

Eaertynuce
effectfre at

target.
MeV

36 to 25
28 to 14

'I 78 to 64

22.4 to 20
13 to 8

Target
material

CujAs
CujAs

KI

'"TeO2'
1JJTeO2t

Typical beam
caneats

Bsed,

tuaap-to

120 (internal)
120 (internal)

6 (external)

30(external)
30 (external)

Exptrbneatal
thick tarfet
yteM(EOB),

na/^wap-fcr

1.2
0.07

3.5

3
0.8

Batch
yield (EOB),

via

200
50

100

120
35

Imparities (EOB),
(%)

7'Br (4.0), "Br (0.05)
-
12J1 (0.3)
12'I (A.9)
124I (0.08), IKl (1.5)

E

iI-75 P
R

1
i
I

•With 99.9% 1MTe enrichment. tWith 96.45% l2JTe enrichment.
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lives of 130I and 123I, the level of I3OI impurity remains constant. The
l22Te(d,n)123I reaction offers an alternative method of production since the
124I impurity level is lower than it is in the case of the l24Te(p,2n)i23I
process. The (p,2n) reaction, however, is still to be preferred because of its
higher yields.

Table 2 also shows our production methods for 77Br and 7iBr. We pro-
duce 75Br routindy in large quantities of 200 mCi per run at the compact
cyclotron CV-28 with 36- to 20-MeV 3Ke particles, using a Cu3As-alloy
for high beam-current targets. Targetry and the remote-control separation
procedures have been described in detail (Blessing et al., 1982). Biomine-
77 is routinely produced by bombarding the same Cu3As~alloy with 28- to
14-MeV alpha particles from the CV-28 (Blessing et ai., 1982). For the
77Kr-exposure bromination, we also use the (d,xn) reaction on natural bro-
mine by bombarding NaBr pellets with 50- to 25-MeV deuterons at the
JULIC (Qaim, StScklin, and Weinreich, 1977) or via the 7677Se(3He,xn)
reaction at the CV-28 (He, Qaim, and Stocklin, 1982; Suzuki et al.,
1982).

IODINE-123 AND BROMINE-75 RADIOPHARMACEUTICALS

Halofatty Acids

Some of the most promising radiopharma> euticals for the analogue
concept in metabolic tracers are the halofatty acids. Both bromine- and
iodine-labeled fatty acids have been prepared and extensively evaluated by
our laboratory (Machulla et al., 1973; Laufer et al., 1980; Coenen et. al.,
1981; Kloster and StScklin, 1982) and developed up to clinical trial
(Freundlieb et al., 1980). We have reported several preparation methods
(Laufer et al., 1980). The iodL^e-for-bromine exchange can principally
lead to carrier-free products since tht <odofatty acid can be separated from
the bromofatty acid, e.g., by high-performance liquid chroinatography
(HPLC). In practice these no-carrier-added (NCA) procedures always
involve iodine traces from the impurities of the chemicals used, or traces
from the analogues bromocompound as a result of incomplete separation
procedures. The latter aspect is particularly true for the various
w-halofatty acids that are not easily separated completely from each other
because of the great similarity of homologues to the o>-halogen. Specific
activities thus do not exceed 70 mCi/mg of fatty acid (Argentini, Zahner,
and Schubiger, 1981). When the amount of carrier per milliliter of inject-
able solution is still in the microgram range, we observed no effects on the
uptake behavior (Machulla et al., 1978); dissolution, however, may
become a problem. Another approach is via the tosylate (Argentini,
Zahner, and Schubiger, 1981) which can be prepared from the correspond-
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ing oj-hydroxyfatty acid. In this case the tosylate can be easily separated
from the iodofatty acids by HPLC (Argentini, Zahner, and Schubiger,
1981). When fatty acids are prepared on site, the simplest procedure
adopted is to dissolve them in the patient's serum, although dissolution
yields are often only 50 to 60%. Others have used human serum albumin
solutions to. dilute an ethanolic solution of a fatty acid derivative. Dissolu-
tion yields using this method are bettcv, but biological and medical results
are unreliable because of the possible formation of microaggregatcd albu-
min during the procedure. It can accidentally result in high lung uptake of
radioactivity.

In Europe 123I-17-iodoheptadecanoic acid is commercially available as
a saline solution containing an additional SO to 80 mg of ethanol and 10
to 16 mg of Tween 80 per milliliter of solution. This solution seems to be
stable and acceptable toxicologically. In all cases care must be taken to
achieve as high a specific activity as possible since this will greatly facili-
tate the dissolution of the labeled fatty acid in any solvent mixture. Fur-
thermore, the time needed for dissolution will thus also be minimized.

Halophenylfatty acids deserve mentioning because of their somewhat
different metabolic fate and, hence, pharmacokinetic behavior. The nonpo-
lar w-phenylpentadecanoic acid was labeled with radiobromine or
radioiodine (Coenen et al., 1981; StScklin et al., 1980; MachuIIa,
Marsmann, and Dutschka, 7980a, 1980b). The usual electrophilic haloge-
nation procedures give rise to both o- and p-substitution with varying
amounts of isomers that can be separated by HPLC. A highly selective p-
substitution can be achieved when oxidizing the halide with hypohalites
such its trifluoromethylsulfonyihypochlorite (Coenen et al., 1981). With
this highly selective method, a 60% radiochemical yield is obtained, 93% of
which appears in the p-position. Ths product (NCA) was obtained with
high specific activity (>10 Ci/mmole). Regiospecific methods do sot nec-
essarily show advantage, since a final HPLC separation has to be carried
out in any case.

Major questions concerning the applications of halofatty acids must be
clearly stated as follows:

• Can we measure physiological functions?
• Can we measure specific metabolic pathways?
• Can we quantitate them?

All animal studies that have been carried out exhibit a similar type of
uptake and elimination kinetics in the heart both for "C-palmitic and
<v-halofatty acids. The general pbarmacokinetic behavior is shown ia
Fig. 1. The kinetics exhibit a fast-uptake phase, 0-oxidation rapidly takes
place, and a considerable extent is already catabolized at the time of
maximum uptake (Fig. 2). Then two elimination phases follow, & fast and
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Phase!) I
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Fig. 1 SchcsMk of the ttes corac o." ratioactfrity 1> tke heart after btrare-
m s iajcctioa of 1UI-HA

a slow one. The first elimination phase still includes metabolism, but ^-oxi-
dation can hardly explain the half-time. The third phase can be attributed
to a release of fatty acids that had been stored before as triglycerides and
phospholipids. For w-iodoheptadecanoic acid, the first elimination phase
has a half-time of 2.1 min in mice and —25 min in man, the second
slower phase of 25 min in mice, and an estimated half-time of > 100 min
in man (Table 3). So far, clinically the phase of early elimination
(phase 2) has beeti generally used. The slow elimination (phase 3) is more
difficult to see in man since imaging is generally stopped 30 to 60 min
after injection because of the low activity level.

Data obtained by the Jiilich group with w-haloheptadecanoic acids in
mice (Machulla et al., 1978; StScklin et at., 1980) show that already
0.5 min after application, i.e., at the time of maximum accumulation of
all (o-haloheptadecanoic acids studied, 40 to 60% of the radioactivity in the
heart appears as free halide and —20% as triglycerides and phospholipids
while only minor amounts of free fatty acids are still present (Fig. 2).
Within the experimental error the distribution between these different
fractions is identical for oi-bromo- (BHA) and w-iodoheptadecanoic acid
(IHA). The ct-iodofatty acid, on the other hand, presents a different pic-
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Fig. 2 Distribution of radioactivity among various metabolites at the maximum
of uptake (0.5 min after injection) in heart muscle of NMRI mice after iajeetioo
or various balofatty acids. TG, triglycerides. PL, pkospbolipids. FA, free fatty
scid.

ture. Metabolism is inhibited, and a large fraction of uncharged free fatty
acid is still present. The aromatic bromo-phenylfatty acid also exhibits a
large fraction of unchanged fatty acid and organic catabolites (Coenen
et al., 1981)- The analysis clearly indicates ibat ^-oxidation and storage of
halofatty acids proceed at a rate depending on the position of the label and
the type of fatty acid. Odd-even effects can only be expected for
w-fluorofatty acids and have indeed been found (Knust, Kupfernagel, and
Stbcklin, 1979). During 0-oxidation, even-numbered aliphatic acids end up
as halopropionic acid and odd-numbered, as haloacetic acid:, under physio-
logical conditions both of these release the halide ion if the original acid
was ai-halogenated. The final step is an elimination reaction. The even-
numbered a>-f!uoroheptadecanoic acid (FHA), however, is catabolized to
l8F-fluoroacetic acid which is stable and undergoes further reactions in the
citric acid cycle, giving rise to fluorocitric acid. Also, in the case of the
aromatic p-halophenylfatty acids such as p-iodo- (IPPA) and p-
bromophenylfatty (BPPA) acid, no free halide is observed (Coenen et al.,
1981; Stocklin et al., 1980; Machulla, Marsmann, and Dutschka, 1980a,
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TABLE 3

Elimination Half-Times of Hslofatty Acids and Halides from Myocardium
Under Different Conditions (Half-Tune in Minutes)

l-"C-palmiIic acid

I7-I23I-IHA
17-77Br-BHA
17-18F-FHA

2-123l-ISA
2-77B--BSA

U i , -
7 7 B r -
i « F -

0.4

2.1
0.6
6.0

2.0
1.0

Mowe ia riro*

F»st

± 0.1

± 0.4
± O.i
± 1.2

+ 0.4
± 0.2

•Machulla ct al., 1978; Knusl,
tKloster and Stocklin, 1982.
IHenze el al., 1982.
SFrcundlicb et al., 1980.

Slow

33 ± 6.5

25 ± 5.0
36 ± 7.2
25 ± 5.1

Kupfernagel,

Maa iariro

Fast

16.8 + 4.2J

25 ± 5.0§

and Stiicklin, |979.

Isolated perfosed
(•tea pig keartt

9.8 ± 0.3
5.1 ± 1.6

10.7 ± 2.0

18.4 ± 2.3
8.6 ± 2.0

10.3 ± 0.5
6.5 ± 0.3

13.2 ± 0.6

1980b) and the catabolites appear as smaller 'nalogcnated organic
molecules. In the case of BPPA in the heart of mice, besides the expected
bromobenzoic acid, other organic catabolites were found which constitute
about 50% of the iota! heart activity during the uptake and elimination
phase. The uptake of aromatic halofatty acids is as fast and efficient as
that of aliphatic a)-halofatty acids, and its elimination is dclayeo owing
mainly to an inhibited 0-oxidation and the formation of lipophilic catab-
olites. This delay is useful for multiple-projection imaging. In addition,
the heart-to-blood ratio is higher during the period after the maximum
uptake than in the case of aliphatic halofatty acids. However, the
multiplicity of labeled organic catabolites and their complex pharmacok-
inetic behavior makes any quantitative background correction, and thus
quantitation of true metabolic turnover, difficult. This is different for ali-
phatic u>-halofatty acids, in which case free halide ions rapidly appear as
the final and only catabolite and a simple correction method using a post-
injection of free halide can be applied. With the help of this technique, the
first quantitative clinical evaluation of io-!23S-heptadecanoic acid was
accomplished (Freundlieb et al., 1980) and different half-times of elimina-
tion have been observed for healthy and diseased heart-muscle regions.
Even without the additional free-iodide injection method, the error is rela-
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tivcly small when simply subtracting a background measured over a repre-
sentative area, e.g., over the region of the vena cava (Dudczak et al..
1983). In essence, what is needed is a quantitative correction for radioac-
tivity in the blood volume in and around the heart.

Recent experiments using the isolated perfused heart technique in con-
junction with various radiohalogen-iabeled fatty acids indicate that
permeation of the final halide out of the mitochondrion through cytosol
into the blood is the rate-determining step in guinea pigs (KJoster and
Stocklin, 1982). \ simplified compartment model is shown in Fig. 3. Like
"C long-chain fatty acids, &)-halofaUy adds when injected into the circula-
tion are extracted and metabolized by she myocardium and behave kineti-
cally almost like normal faUy acids. The halofatty acids can either be
transformed (rate constant Kg) into triglycerides (TG) and phospholipids
(PL) and store.! or transported (rate co.istant k3) into the mitochondrion
via the carnitine shuttle. Inside the mitochondrion they are oxidized by the
/3-oxidation pathway (rate constant k5), leaving behind intraaiitochondrial
halide ions (X~) as final catabolites that eventually leave the csll (rate
constant k9). For the fast-elimination phase, a half-time sequence,
FHA>IHA>BHA, was observed both in pharmacokinetics (in mice) and
in the isolated perfused heart (in guinea pigs). This sequence together with
the finding that free halide ions show elimination rates identical to those
from the corresponding to-halogenated fatty acids are in agreement with
the fact that halide anions are not transported into or out oi the mitochon-
dria by a carrier mechanism, but rather by a relatively stow diffusion
where the size of the soivated anions and/or their capacity for being bound
to proteins plays a role. The fact that the amount of stored fatty acids
(TG + PL) is identical for IHA and BHA (Fig. 1) seems to indicate
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that neither /J-oxidation nor the release from the TG pool can explain the
different half-times for BHA and IHA and thus cannot be rate determin-
ing in the early-elimination phase; instead rate constant k9, i.e., the trans-
port of the halide ion through the membranes, seems to be rate determin-
ing. If the elimination half-times of IHA in man are also limited by the
diffusion of halide ions from the mitochondrion, the shortened half-times
observed in acute infarction (Van der Wall et al., 1981) or cardicmyop-
athy (Freundlieb et al., 1980) might be explained by increased mitochon-
dria! or cell porosity or by an increased number of mitochondria per cell,
whereas the opposite is true for the increased elimination half-times
observed in ischemic areas. Further experimental work such as comparison
of the elimination half-times of "CPA and 123I-HA in healthy and
diseased human myocardium is necessary in order to fully exploit the pos-
sibilities for functional imaging with IHA.

Sugar Analogues

Sugar analogues are potential radiopharmaceuticals for investigations
of glucose utilization in the brain and heart. Up to now "C-D-glucose,
2-[ 18F]-2-deoxy-2-fluoro-D-glucose, 1 -[ "C]-2-deoxy-D-glucose, 3-[ 18F]-
3-deoxy-3-.fluoro-D-glucose, and 3-["C]-O-methyl-D-glucose have been
investigated a? Ncose tracers. Since both " C and 18F pose some problems
because of their jalf-lives or their chemical reactivity, we chose to prepare
some I23I- or 7SBr-labeled D-glucose analogues and to study their biodistri-
butions in order to find analogues that might also be used by institutions
other than those having a cyclotron. At this time only 3-deoxy-
3-iodo-D-glucose (Tsuya and Shigematsu, 1979) has been prepared, but no
biodistributicn data have been reported. An unsuccessful attempt to pre-
pare 2-deoxy-2-iodo-D-glucose (FowJer et al., 1979) was also reported.

We synthetized l23I-3-deoxy-3-iodo-D-glucose (3-IDG) and 7577Br-
3-bromo-3-deoxy-D-glucose (3-BDG) from the commercially available
l,2:5,6-diisopropylidene-D-allofuranose via its triflate and the correspond-
ing halide. After hydrolysis of the ketals and chromatographic separation
of the product, both compounds were obtained in 10% overall radiochemi-
cal yield in a reaction time of 2 hr (Kloster, Laufer, and StScklin, 1983).

Biodistribution in animals showed that 3-BDG and 3-IDG did not
accumulate significantly in the brain [maximum uptake, 38% mean body
concentration (MBC) for 3-IDG and 50% MBC for 3-BDG]. Accumula-
tion in the heart was higher (>200% MBC for each), but activity levels in
blood and lung were still higher. Thus IDG and BDG do not seem to be
promising tracers of D-glucosc.

We attempted to produce l23I-2-deoxy-2-iodo-D-glucose (2-IDG) and
75>77Br-2-bromo-2-deoxy-D-glucose from tri-O-acetyl-D-glucal, using
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pathways described in the literature for the inactive compounds (Honda
and Takiura, 1974). All our attempts to isolate either 2-IDG or 2-BDG
failed completely.

CHjOAc CH?OAc

/——o. } o. OCH

Aco N y 3 AcO N /

X 75Br, ??Br, or ' 2 3 i

Eqaatfcwl.

During one of these attempts, we produced i23I-j3-methyl-2-deoxy-
2-iodo-D-glucoside (MIDG) and 77Br-j3-methyl-2-bron»o-2-deoxy-
D-glucoside (MBDG). (See Eq. 1.) The overall yield of these compounds
from tri-O-acetyl-D-glucal and XC1 generated from X~ and
dichloramine-T (Coenen, Moerlein, and Stdcklin, 1984) was 20% for
MIDG and 15% for MBDG (Kloster et al., 1983). Both compounds
cochromatographed with standards prepared according to Lemieux and
Fraser-Reid (1964). Since these compounds have the atl-trans, all-
equatorial structure required for transport on the hexose carrier, they may
be tracers for D-glucose, even though they are not expected to be sub-
strates for hexokinase.

Biodistribution studies in animals (Kloster, Laufer, and Stdcklin, 1983;
Kloster et al., 1983) have shown that MBDG and MIDG are also not sig-
nificantly accumulated in the brain (maximum uptake, 28% MBC for
MIDG and 52% MBC for MBDG). Accumulation in the heart was also
higher for both (~200% MBC), with heart-to-blood and heart-to-lung
ratios of ~ 1 . Thus MIDG and MBDG also do not seem to be promising
tracers of D-glucose (Fig. 4).

More-promising results were obtained with the intermediate triacetyl
derivatives of MIDG and MBDG, i.e., ml-methyl-2-deoKy-2-iodo-tri-0-
acetyl-0-D-glucopyranoside (MTIG) and 75Br-methyl-2-deoxy-2-bromo-
tri-O-acetyl-jS-D-glucopyranoside (MTBG). Both compounds were
prepared in 35 to 40% radiochemical yield after less than 1.5-hr synthesis
time including chromatographic separation.

Biodistribution data in mice showed (Fig. 5) that both MTIG and
MTBG rapidly enter the brain; reaching 100% MBC for MTIG 1 min
after application and 160% MBC for MTBG 0.25 min after application.
At the same time the blood concentration reached 190% MBC. For
MTBG the brain-to-Wood concentration ratio stayed fairly constant at
about 0.8 during the first 10 min, whereas the absolute concentration fel!
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to 106% MEC at 10 min. Large amounts of radioactivity were observed in
the kidneys, indicating possible renal excretion. Radiochemical analysis of
the brain showed that MTBG is not altered in the brain. Nothing is
known about the mechanism by which MTBG enters the brain. If it were
a substrate for the hexose carrier of the blood-brain barrier, MTBG would
be a promising alternative to 3-uC-methyl-D-glucose (Kloster et al.,
1982) as a tracer for hexose transport.

Benzodiazepine Radiopharmaceuticals

Visualization of benzodiazepine receptor sites in intact organisms
requires a radicligand with high receptor affinity, high specific activity,
and a radionuclide suitable for PECT or SPECT.

Recently a synthesis of "C-flunitrazepam has been reported (Comar
et al., 1979). Since "C has a short half-life of only 20 min, the time
available for synthesis and application with PECT is limited. In addition,
it is difficult to obtain ultrahigh specific "C activities. These difficulties
can be bypassed to some extent by using the halogen analogue approach
with the positron emitter 75Br (Ttt, 98 min).

In view of the fact that receptor affinity is increased by electron-
withdrawing groups and halogens at C-2' and C-7 and decreased by halo-
gen substitution at other aromatic positions (Braestrup and Squires, 1978;
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Borea, Gilli, and Bertolasi, 1979), we (Kloster et al., 1982; Scholl,
Kloster, and Stocklin, 1983) chose the benzodiazepine, structure 2, for
radiobromination (Eq. 2). Structure 2 indicates a low in vitro inhibition
constant of 1.7 nM, determined by competitive displacement of fluni-
trazepam by the inactive compound (MShler and Okada, 1977).

EqaatkwL
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Because labeling at C-7 must be performed with high regioselectivity,
we synthetized 75Br-BFB (structure 2) and 77Br-BFB using the triazene
method (Tewson and Welch, 1979). The triazene, structure 1, which was
produced by reaction of the corresponding diazotized 7-amino-compound
with piperidir.e, and the added aqueous radiobromide solution were dried
by aseotropic evaporation with acetonitrile. The triazene was then decom-
posed with a threefold excess of CH3SO3H in refluxing CCI4 at a
concentration of 35 fimole of compound 1 per milliliter of CCI4. After
subsequent HPLC purification (LiChroSorb RP-18, 7 /an;
methanol : H2O = 3 : 2 ) and sterile filtration, the eluted bromo com-
pound (K', !1) was obtained in a NaCl solution ready for injection at an
average overall radiochemical yield of 17.9 ± 2% and a specific activity
of >2 X 104 Ci/mmole. The procedure was completed within 55 min,
and the maximum amount prepared up to now was 14 mCi of compound
2 in a single run. Identification of the product was carried out by compar-
ative KFLC and TLC (thin-layer chromatography) with the authentic
inactive compound synthetized by the Sandmeyer reaction from com-
pound 1.

The radiochemical yield is dependent on the concentration of triazene
and of acid, as well as the amount of carrier bromide present. Addition of
5 X 10~7 mole/ml of Br~-carrier increases the reaction yield to 67%.
Dimerization. dediazonization, and chlorination products from the main
side reactions at C-7 were also identified.

The tissue distribution of 77Br-BFB in mice showed a 188% MBC in
brain 0.25 min after injection, foliowed by a decrease to about 100% after
10 min (Fig. 6). Over this period the relatively low blood level of 45% is
nearly constant. Similar to earlier observations (Fallman et al., 1980), a
rapid uptake into lung (maximum, 550% MBC), kidney (maximum, 560%
MBC), and liver can be observed. Although the course of lung and kidney
activity parallels that of brain enrichment, liver uptake increases slowly
during 10 min to 310%. In conclusion, 75Br-BFB (compound 2, Eq. 2)
seems to be 1 useful compound for delineation of benzodiazepine receptor
areas with PECT. Analogous 123I-labeled compounds might be of interest
for SPECT if they exhibit in vivo stability.

He!ogenated Amino Acids

Several attempts have been made to find suitably labeled amino acid
derivatives that would accumulate in the pancreas, an organ containing
preferentially protein-producing cells. Some of them (Table 4) show rea-
sonably good pancreatic accumulation and a useful pancreas-to-liver ratio,
such as DLl8F-phenylalanine (Hoyte et al., 1971), DL-nC-phenylglycine
and DL-"C-phenylalanine (Vaalburg, Beerling-van der Molen, and
Woldring, 1975), DL-"C-tryptophan (Washburn et al., 1978),
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Fig. 6 Tore course of ™Br radioactivity concentration (percent mean body con-
centration) in blood and brain of mice after intravenous injection of 75Br-BFB.

DL-"C-valine (Washburn et al., 1979), and L-1!C-methionine (Comar
et al., 1976).

The fact that l4C-labeled a-methyl-DOPA accumulated in pancreatic
tissue (Duhm et al., 1965, 1967) led us to investigate its structural ana
Jogues L-3-123I-iodo-«-metbyltyrosine (IMT) (Tisljar et ai., 1979) and
L-3-75Br-bromo-a-methyltyrosine (BMT) (Ritzl et al., 1981) as potential
pancreatic imaging agents. Compared to the "C compounds mentioned
above, they have the following advantages: (I) both the positron emitter
73Br (Tvi, 1.6 hr) and the single-photon emitter 123I (T^, 13 hr) have suit-
able half-lives for clinical studies; (2) easy methods for synthesizing large
amounts of IMT or BMT from the corresponding halide ions are available;
and (3) IMT can be used with SPECT in institutions with no cyclotron.

BMT and IMT are prepared from L-a-methyltyrosine by electrophilic
halogenation by using halide ions (75Br or 1231) and an appropriate oxidiz-
ing agent like IO3~ (Tisljar et al., 1979; Kloss et al., 1975; Kloss and
Leven, 1979) or tnloramine-T (Kloss and Leven, 1979; Petzold and
Coenen, 1981). After HPLC separation of either IMT (Tisljar et al.,
1979) or BMT (Ritzl et al., 1981) from the respective halide ion and L-
a-methyityrosine, IMT was isolated in yields of 65 to 70%, and BMT with
yields of 85% under no-carrier-added conditions. Preparation times includ-
ing HPLC are less than 2 hr.



TABLE 4

Comparison of Several Amino Acids Investigated as Potential
Pancreas-Imaging Agents (30 min After Intravenous Injsction

in Rats «>r Mice)

Arainoacid

DL-phcn>lalanine ("C)

DL-o-fluorophenyl-alanine (T8F)
DL-pheny!gIycine("C)

DL-valir,c(MC)
DL-6-fteorotryptophan (ISF)
DL-tryptophan("C)

L-methionine ("C)
L-3-iodo-a-methyItyrosine (I23I)
L-3-bi i tno-a-methyltyrosine (75Br)
L-selenomethioninc (75Se)

Pancreas,
percest

dose/o^gan

8.5

3.0
2.2

~ 5
8.7

4.1
2.3
9.1

Putcress-to-iirer
ratio

Rat

5.2

5.2
7.0

5.7
9.'

11.0

MOTS?

2.5
8.6
9.7
3.8

Reference

Vaalburg, Beerling-ran der Molen,
and Woldring(1975)

Hoytoetal. (1971)
Vaalburg, Beeriing-ran der Moicn

and Woldringf 1975)
Wasfaburs et al. (1979)
Atkins el al. (1972)
Washburn et si. (1978)

Comaretal. (1975)
Tisljaretal. (1979)
Ritzletal. (1981)
Tisljaretal. (1979)
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Table 4 shows that both IMT and BMT compare favorably with the
best agents developed so far. The pancreas-to-liver ratios are between 8
and 10.

Sequential scintigraphy of the epigastrial areas was performed in a
patient immediately after intravenous injection of 4 to 10 mCi of IMT.

Time-vs.-activity curves (Fig. 7) show an instantaneous accumulation
of activity in pancreas and liver; a few minutes later, significant amounts
of activity are accumulated in the kidneys. Thus two-dimensional imaging
of the pancreas is difficult because of kidney interference. From sequential
scintigraphy the half-time of renal elimination was estimated to be
~55 min. Again, radiation doses are expected to be low because of this
rapid excretion (Ritzl et al., 1981).

A further possibility is the use of BMT for pancreatic imaging in con-
junction with PECT. First results in patients (Vyska et al., unpublished
data) show that BMT is useful for tomographic delineation of the pan-
creas.

Apart from its usefulness as a pancreas-imaging radiopharmaceutical,
IMT is also promising as a metabolic tracer for a special group of tumors,
i.e., malignant melanoma.

Melanin is biosynthesized from L-tyrosine via L-DOPA and indolo-
quinones. These indoloquinones are nonenzymatically oxidized to melanin.
IMT is a nonnatural labeled analogue of tyrosine and thus a potential pre-
cursor of the melanin bioformation. In radiopharmacokinetic studies on
tumor-bearing Syrian golden hamsters implanted with two different exper-
imental melanoma lines, it was showa that IMT is trapped by both the
melanotic and the amelanotic melanoma. This pattern is in striking con-
trast to that of labeled quinoline derivatives that concentrate only in
melanotic melanoma (Bockslaff et al., 1980). An imaging study in vivo on
rabbits bearing an experimental, nonpigmented eye melanoma has con-
finned that even small-size eye lesions can be visualized by using IMT
(Bockslaff et al., 1981). Consequently, we decided to investigate IMT for
clinical purposes on a limited number of patients. The results obtained
show that it is possible to delineate melanomas (in three patients) with a
tumor weight of 400 to 1200 mg. In another five patients presence of
melanoma was excluded by scintigraphic findings (Bockslaff et al., 1981).
Thus with this limited number of patients, results are encouraging.



286 STOCKUM

20 30
TIME, min

8000 —

I
a.

4000 -

20 30
TIME, min

Fig. 7 Tiae-».-actirity cvrcs registered over differeat regioas of iaterest of
tfce epigastrium after iitravwws iajectfoa of 5 n O of IUI-IMT im a n

CONCLUSIONS

In addition to the development of "C- and 18F-radiopharmaceuticals
for PECT, a major effort at Jiilich is directed toward the development of
new t23I products. Extensive synthetic, biochemical, radtopharmacological,
and clinical studies have been earned out with <u-I23I-heptadecanoic acid
because it is felt that this fatty acid analogue still has the greatest poten-
tial. Continuing efforts are needed to evaluate the role of tbis iodofatty
acid in regional functional imaging.
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In view of the relatively high cost for 123I, this radionuclide will only
find a wider application if excellent new 123I radiopharmaceuticals are
developed for functional imaging. Special emphasis is therefore placed on
the development of metabolic analogue tracer and other physiological sub-
strate analogues. These studies must include knowledge of the cell physiol-
ogy and the fate of the label in order to allow full evaluation of the prod-
uct. Accumulation and imaging studies alone are insufficient.

In addition to 123I, the 1.6-hr positron emitter 75Br deserves greater
attention. Its inherent advantages when compared with "C and 18F make
this radiohalogen an ideal tracer for the analogue approach. Compact
cyclotrons with 3He particles are particularly well suited for a large-scale
production of 75Br which can be distributed if the time for transportation
to the user lies within about one half-life.

REFERENCES

Argenlini, M., M. Zahner, and P. A. Schubiger, 1981, /. Radioanalyt. Ckem., 65: 131.
Atkins, H. L., D. R. Christman, J. R. Fowler, et al., 1972, / . Nucl. Med., 13: 713.
Blessing, G., R. Weinreich, S. M. Qaim, and G. Stficklin, 1982, Int. J. Appl. Radial, hot.,

33. 333.
Bockslaff, H., G. Kloster, D. Dausch, K. Schad, H. Hundcshagen, and G. SKScklin, 1981,

icl.-Med.. Suppl., 18: 840.
, G. Kloster, N. Safi, and P. Blanquet, 1980, Radioak. hot. Klin. Forsch. 14: 171.

Borea, P. A., G. Gilli, and V. Bertolasi, 1979, Farmoco, Ed Set, 34: 1073.
Braestrup, C , and R. F. Squires, 1978, Eur. J. Pharmacol., 48: 263.
Coenen, H. H., M. F. Harmand, G. Kloster, and G. Stficklin, 1981, / . Nucl. Med., 22: 891.

, S. M. Moerlein, and G. Stficldin, 1984, Radiochim. Ada. in press.
Comar, D., J. C. Cartron, M. Maziere, and C. Marazano, 1976, Eur. J. Nucl. Med.. 1:11.

, et al., 1979, Nature, 280: 329.
Dudezak, R., R. Schmoliner, U. Losert, D. K. Derfler, K. Kletter, and H. Frischauf, 1983,

Radioak. hot. Klin. Forsch., 15: 685.
Duhm, R, W. Maul, H. Mcdenwald, K. Patzschke, and L. A. Wegner, 1965, Z

Naturforschg., 20b: 434.
, W. Maul, H. Medenwald, K. Patzschke, L. A. Wegner, and K. Schlossmann, 1967, Z.
Naturforschg.. 22b: 70.

Fowler, J. S., R. E. Lade, R. R. McGregor, C. Sbiiie, C.-N. Wan, and A. P. Wolf, 1979, J.
Labelled Compd. Radiopharm., 16: 7.

Freundlicb, C , A. HSck, K. Vyska, L. E. Feinendegen, H.-J. Machulla, and G. SlBcklin,
1980, / . Nucl. Med., 21: 1043.

He, Youfeng, S. M. Qaim, and G. Stbcklin, 1982, int. J. Appl. Radial. Isot., 33: 13.
Henze, !;., R. G. Grossman, S. C. Huang, J. R. Barrio, M. E. Pfaelps, and H. R. Schelbert,

1982, J. Nucl. Med., 23: 12.
Honda, S., and K. Takiura, 1974, Carbohydr. Res.. 34: 45.
Hoyte, R. M., S. S. Lin, D. R. Christman, H. L. Atkins, W. Hauser, and A. P. Wolf, 1971,

J. Nucl. Med., 12: 280.
Kloss, G., H. Becker, E. Niemann, and M. Leven, I97S, Patent 21 45 282 (Federal Republic

of Germany).
, and M. Leven, 1979, Eur. J. Nucl. Med., 4: 179.



288 STOCKUN

Kloster, G., P. Laufei, and G. SUScklin, 1983, S. Labelled Compd. Radiopharm., 20: 391.
, H. Scholl, P. Laufer. W. Wutz, and G. StHcklin, 1983, in Positron Emission Tomogra-
phy of the Brain, W. D. Heiss and M. E. Phelps (Eds.), P- 226, Springer-Verlag, Berlin,
West Germany.
, and G. SttScklin, 1982, Radioak. hot. Klin. Forsch., IS: 235.
, G. SttScklin, K. Vyska, et al, 1962, in Progress in Radiopharmacology, Vol. 3, P. H.
Cox (Ed.), p. 199, Nijhoff, Den Haag, Netherlands.

Knust, E. J., Ch. Kupfernagel, and G. StScklin, 1979, / . Nucl. Med., 20: 1170.
Kondo, K., R. M. Lambrecht, and A. P. WoJf, 1977, hit. J. Appl Radial, hot., 28: 395.
Laufer, P., H.-J. Machulla, H. Michasl, et al., 1980, / . Labelled Compd. Radiophcrm., 28:

1205.
Umicux, R. U., and B. Fraser-Reid, 1964, Can. J. Chan., 42: 332.
Machulla, H.-J., M. Marsmann, and K. Dutschka, 1980a, / . Radiosnal. Chem.. 56: 253; see

also Radioaktive Isotope in Klinik und Forschung, 14: 363 (1980).
— , M. Marsmann, and K. Dutschka, 1980b, Eur. J. Nucl. Mid., 5: 171.
— , G. SttScklin, Ch. Kupfemagel, et al., 1978, / Nucl. Med., 19: 298.
Michael, H., H. Rosezin, H. Apelt, G. Blesring, J. Knieper, and S. M. Qaim, 1981, Int. J.

Appl. Radial, hot., 32: 581.
MShler, H., and T. Okada, 1977, Science. 198: 849.
Petzold, G., and H. H. Coenen, 1981, J. Labelled Compd. Radiopharm., 18; 1319.
Qaim, S. M., 1982, Radiochim. Ada. 30: 147.

, G. StBcklin, and R. Weinreich (Eds.), 1976, lodine-123 in Western Europe,
JUL-Conf-20, August 1976.

_ _ G. StScklin, and R. Weinreich, 1977, Int. J. Appl. Radial, hot., 28: 947.
Ritzl, F., G. Kloster, H. H. Coenen, U. Tisljar, and G. Stocklin, 1981, J. Nucl. Med., 22:

87. (Abstract)
Scholl, H., G. Kloster, and G. Stocklin, 1983, / Nucl. Med., 24: 417.
StOcklin, G., 1977, Int. J. Appl. Radial, hot.. 28: 131.
— , and G. Kloster, 1982, Metabolic Analogue Tracers, in Computed Emission Tomography.

P. Eli and B. L. Holman (Eds.), p. 299, Oxford University Press, New York, N. Y
, et a)., )980, Radioak. hot. Klin. Forsch., 14: 151.

Suzuki, K., G. Blessing, S. M. Qaim, and G. StScklin, 1982, Int. J. Appl. Radiat. hot., 33:
1445.

Tallman, i. F., S. M. Paul, P. Skolnik, and D. W. Gallagher, 1980, Science, 207: 274.
Tewson, T. J., and M. Welch, 1979, / Chem. Soc, Chem. Comm., 1149 (1979).
Tisljar, U., G. Kloster, F. Ritzl, and G. Sttjcklin, 1979, J. Nucl. Med.. 20:973.
Tsuya, A., and A. Shigcmatsu, 1979, Patent Application 28 17 336 (Federal Republic of

Germany).
Vaalburg, W H. D. Beerling-van der Moleo, and M. G. Woldring, 1975, Nucl.-Med.. 14:

60.
Van der Wall, E. E., G. A. K. Heidendtil, W. den Hollander, G. Wester*, and J. P. Rom,

1981, Eur. J. Nucl. Med.. 6: 391.
Vyska, K., et al., Kernforschungssniggc Midi , unpubiuhed data.
Washburn, L. C, T. T. Sun, B. L. Byrd, R. L. Hayes, and T. A. Butler, 1979, J. Nucl

Med., 20: 857.
, B. W. Wieland, T. T. Sun, R. L. Hayes, and T. A. Butler, 1978, / . Nucl. Med.. 19: 77.

Weinreich, R., O. Schult, and G. StBcklin. 1974, Int. J. Appl. Raliat. hot.. 25: 535.
Zaidi, J. R , S. M. Qaim, and G. StScklin, 1984, Int. J. Appl Radiat. lso> in ptt».



Development of Radioiodinated Fatty Acids
for Appiications in Nuclear Cardiology

F. F. KNAPP, JR., Ph.O.,* AS. M. GOODMAN, Pb.D.,« D. R. ELMALEH, Ph.D..t
R. OKADA, M.D.,t and H. W. STRAUSS, M.D4
* Health and Safety Research Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee; and tDepartment of Medicine and ^Department
of Nuclear Medicine, Massachusetts General Hospital,
Boston, Massachusetts

ABSTRACT

The use of radioiodinateri fatty acids for the evaluation of myocardial perfusioc and tbc
assessment of regional fatty acid metabolism in relation to myocardial disease have seen rapid
growth in the last few years. In this paper the development and use of these agents are
reviewed. In addition to a discussion of the design of structurally modified fatty acids, the
icvclop...ent of new radiolabelbg methods for preparation of the iodine-123-labe!«d agents is
presented. Structural features that bave been evaluated as a means to potentially inhibit the
metabolism of fatty acids and result in effect.ve myocardial trapping include the introduction
of tbe tellurium heteroatom and the methyl branching in the alky) chain. Tbe development of
tbese new agents is discussed, and their potential use in conjunction with single-photon tomog-
raphy is an exciting new area. Because of the excellent chemical and radionuclidic properties
of the iodine-123 isotope, several rapid sew methods for radiolabeling have been developed
which include iodide exchange reactions, the use of vinyl boronic acid and vinyl trialkylstau-
ny] substrates for preparation of vinyl iodides, and the use of triazene derivatives of
p-aminophenyl-substituted substrates for the synthesis of p-iodopheoyl fatty acids. A sum-
mary of the clinical studies involving measurement of regional washout rate whicn have been
performed with agents such as 17-((mI)iodo)hepudecanoic acid and 15-(p-['al]iodo-
phenyl)pentadecanoic acid is also presented. Tbe combined interest and expertise of chemists
and clinicians have worked effectively together to make many recent contributions to this
area of radiophannaceutical development.

Interest in the use of radioiodinated long-chain fatty acids for the clinical
evaluation of heart disease arose as a result of the identifying of properties
of the iodine-123 radioisotope and the potential for measurement of
regional fatty-acid metabolism with these agents (Thrall, Swanson, and

289
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Wieland, 1978). Because of the attractive radionuclidic properties of
iodine-123 (i.e., 159-keV gamma photon, 13.2-hr physical half-life), meas-
urement of regional myocardial metabolism with such agents could repre-
sent an alternative to perfusion studies with thallium-201. The increase in
detection and image quality by using the abundant 159-keV gamma pho-
ton of iodine-123 is an important consideration. The development of
radioiodinated agents with optimal biological properties, which are dis-
cussed in detail later, and the availability and cost of iodine-123 are
important factors which have limited the use of these agents as a replace-
ment for thallium-201.

In this paper the methods of synthesis and the evaluation of radioiodi
nated long-chain fatty acids in laboratory animals and the evaluation of
several of these agents ia patients are reviewed. Several of the agents,
such as 17-l23I-iodoheptadecaaoic acid, have been evaluated extensively in
humans. In addition, the development of several interesting new agents
that may have important applications for the evaluation of heart disease is
also discussed.

IODO ALKYL-SUBSTJTUTED FATTY ACiDS

The first radioiodinated long-chain fatty acid evaluated in both labora-
tory animals and humans was the l3II-labeled product obtained by reaction
of l31I-iodine-monochloride (I-Cl) with oleic acid (Evans et al., 1965).
This product presumably consisted of a mixture of the olefinic addition
products, 9-chloro-10-iodooctadecanoic acid (I) and 9-iodo-10-chloro-
octadecanoic acid (Fig. 1). Myocardial uptake of this agent was demon-
strated in dogs (Poe et al., 1975), and myocardial images were obtained of
normal dogs and animals with partial coronary occlusion (Evans et al.,
1965; Bonte, Graham, and Moore, 1973). This agent was also evaluated in
humans (Gunton et al., 1965), but further use was not pursued because of
low myocsrdial extraction. The myocardial extraction efficiency with this
agent was presumably reduced because of the structural perturbation
introduced by the attachment of the vicinal halogens to the fatty-acid
chain. Although several studies investigated details of the radiolabeiing of
oleic acid with 13II (Robinson and Ixc, 1975; Beierwaltes et ai., 1975),
this agent was not further evaluated. These early studies, however, demon-
strated that radioiodinated fatty acids could be used to monitor myocardial
perfusion defects and set the stage for additional research in this area.

Because the myocardial uptake of the oleic acid-iodine-monochloride
product was lower than expected, other radioiodination techniques were
investigated. Attachment of the radioiodine to the terminal position of a
long-chain fatty acid was initially investigated by Robinson and co-workers
who prepared 16-iodo-9-hexadect.".oic acid (II) by nucleopbilic displace-
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i a
H3C - ICH2)? - 10CH - \-,H - (CHj)7 - COOH (I)

"IODINATED OLEIC ACIO"

I - 16CH? - (CH2)5 - CH = CH - (CHjl, - COOH (II)

16 - IODO - 9 - HEXADECENOIC ACIO

1 - " C H 2 - ICH2),6 - COOH (I I I )

17 - 1ODOHEPTADECANOIC ACID

15CH2 - ICH2),3 - COOH (IV)

15 - 'p-IODOPHENYU PENTADECANOIC ACID

Fig. 1 Stnctues of the firet-geaentioi ntiohritated f»tty acids.

ment of the terminal bromide of commercially available 16-biomo-
9-hexadecenoic acid with sodium iodide (Poe et al., 1975; Robinson and
Lee, 1975). This agent showed rapid, pronounced myocardial extraction in
dogs (Poe et al., 1976), and detailed studies of the factors affecting yield
and purification of the l23I-labeled agent were reported (Robinson, 1977;
Hoogland et al., 1979). This agent was evaluated in humans and proved to
be effective: for estimating regional rnyocardial psrfusion and for distin-
guishing viable ischemic myocardial tissue from necrotic areas (Poe et al.,
1977).

Investigators at the Institute for Medicine in Jttlich, West Germany,
prepared 17-iodoheptadecanoic acid (HI) by nucleophilic substitution that
involved iodide displacement of bromide from 17-bromoheptadecanoic acid
(Machulla et al., 1978). The 123I-labeIed agent showed myocardial extrac-
tion almost identical to that observed with "C-palmitic acid, and extensive
clinical studies with this agent have been reported (Freundlieb et al.,
198C; Feinendegen et al., 1981). Because of the similarity in size of the
iodine atom and a methyl group, it is felt that the 17-iodoheptadecanoic
acid (C|7) mimics the naturally occurring C18 fatty adds such as stearic
acid.

Other investigators have studied a variety of methods (Angelberger
et al., 1981) of synthesis of (III), including iodide displacement of bro-
mide in acetone, a melt method, a phase transfer catalyst technique and
displacement of a terminal p-toluenesulfonyl group (Argentioi, Zahner,
and Schubiger, 1981). A series of terminally iodinated alkanoic acids
labeled with iodine-125 varying in chain length from 11 to 27 carbon
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atoms have been prepared and evaluated in rats (Otto et al., 1981).
Researchers have found that the agents are primarily metabolized by beta
oxidation for chain lengths less than 15 carbon atoms, whereas the longer
chain agents were metabolized by incorporation into triglycerides.

Another method suitable for the synthesis of iodoalkyl-substituted fatty
acids utilizes a hydroboration-iodination sequence (Kabalka, Gooch, and
Otto, 1981; Kabalka, Gooch, and Sastry, 1981). This technique offers the
advantages of high yields, rapid chemistry, and high specific activity. Ter-
minal alkenyl fatty acids are treated with dicyclohexylborane to provide
the terminal boronic acid intermediates which are relatively stable and can
be stored indefinitely. Treatment with iodine-monochloride or iodide and
chloramine-T smoothly converts these substrates to the terminal iodo fatty
acids.

In order to overcome the significant in vivo deiodination cbserved with
radioiodinated long-chain fatty acids such as 16-iodo-9-hexadecenoic acid
(II) and 17-iodoheptadecanoic acid (III), Machulla and co-workers
prepared and evaluated 15-(p-l23I-iodophenyl)pentadecanoic acid
(Machulla, Marsmann, and Dutschka, 1980a, 1980b; Machulla et al.,
1980; Machulla et al., 1978). This new agent was prepared by electro-
philic iodination of the phenyl ring of 15-phenylpentadecanoic acid
(Machulla, Marsmann, and Dutschka, 1980a, 1980b; Machulla et al.,
1978). In this agent the iodine is chemically stabilized by attachment to
the para position of the terminal phenyl ring. The relative isomer distribu-
tion obtained in a typical synthesis consisted of 29% of the ortho isomer
and 71% of the para-isomer of 15-(iodophenyl)pentadecanoic acid. This
method thus requires subsequent high-pressure liquid chromatographic
purification of the para-isomer. Tissue distribution studies of
15-(U3I-iodophenyl)pentadecanoic acid showed pronounced heart uptake in
rats and very little deiodination demonstrating that the para-iodophenyl
moiety is an effective method of overcoming deiodination of radioiodinated
fatty acids. A similar agent, 16-(p-amino-m-[12SI]iodophenyI) hexadeca-
noic acid, was prepared but showed low heart uptake, presumably because
of the influence of the amino group (Wieland and Beierwaltes, 1973).

A variety of methods are available for introduction of radioiodine into
the para-iodophenyl-substituted long-chain fatty acids (Table 1). The
choice of an appropriate method for the synthesis of these radioiodinated
fatty acids is generally based upon a number of important factors such as
the regiospecificity and the radiochcmical and chemical yields. The iodina-
tion step must be compatible with other functional groups that may be
present in the molecule (-COOH, -COOMe, etc.), and the substrate used
for the radioiodination step should be readily available and stable. The
halide-exchange method involving radioiodide displacement of bromide
from a para-bromophenyl substrate is regiospccific but has not been
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TASLE 3

Iodination Methods Thai Ifcve Bees Used t» Prepare
Radioiodinated Para-I<^oj|>tayS-SuS»siituted Fatty Acids

R - COOH

Method Reference

Halide exchange

Direct iodination

+ l +

Thallium displacement
O
II

(CF3 - C - O)2 - Tli

Triazene decomposition

Regiospecific

Pofitio'-ai isomers
(ortho, para)
require separatist

Fresh substrate required:
minimum 2 : 1 , iodide i
substrate ratio; sepa/a-
tion of isomers

Rapid, high yield,
regiospecific

Eiseabut el al., !98I
(Abstract)

Machislla, Marsmaoo,
and I ju lsc to , 1980b

XalSarni, Sjf82
(Abstract)

:: ami K,napp,
1SS2

reported in detail (Eisenhut et al., 1981). Radioiodide displacssnent of the
bis-trifluoroacetyl thallium moiety is also applicable (K&lkami, 1982) with
the following limitations. First cf all, thallation of the pbenyl ring does not
give the para-isomers exclusively. Second, the bis-trifluoroacetyi thcdlium
intermediate will probably ree.ire fresh formation from the hig&iy corro-
sive reagents, and this may be beyond the scope of many clinical facilities.
Third, a minimum of a 2:1 iodide-to-substrats ratio is generally required,
which indicates that only a fraction of the radioiodide would bs incor-
porated into the desired products.

The triazene decomposition route is therefore the most attractive
approach for the synthesis of the para-iodophenyl fatty acids. This method
is regiospecific, and excess substrate can be used to consume all the
radioiodide. The excess triazene can then be readily removed by chroma-
tography. The decomposition is rapid and can be performed at the
carrier-free level, although this is generally not a major prerequisite for
the radioiodinated fatty acids. One potential drawback of the method is
the sensitivity of yields of the decomposition product to the structure of
the triazene intermediate. This sensitivity has been recently studied for a
number of substrates (Goodman et al., 1982, 1982a) and was found not to
be a major problem. In addition to the regiospecificity of this method, the
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triazene intermediates are generally very stable substances and can be
prepared in large amounts and stored indefinitely. Also, two other attrac-
tive methods may be useful for the in reduction of radioiodine into the
para position (Table 2). Iodide substitution (destannylation) of the tri-
butyltin moiety for the synthesis of radioiodinated iodotamoxifen has been
reported (Tonnesen, Hanson, and Seitz, 1981; Hanson et al., 1981). This
method may also be applicable for rcgiospecific introduction of radioiodide
into the para position of the phenyl ring. Substitution with radioiodide of
phenyl boronic acid has been used to prepare iodobenzene, and this route
may also be applicable for the synthesis of the iodophenyl fatty acids
(Kabalka, Gooch, and Sastry, 1981).

TABLE 2

New Iodination Methods That May Be Useful for Synthesis of
Radioiodinated Pars-Iodophaiyl-Substituted Fatty Acids

Method

Dsstannylation

fj—\
B u 3 S n - ^ \ - + l+

Boronic acid substitution

HO

Oi—rate

Both methods are regioepecific
and have expected high
yields.

Para-substituted substrates,
however, are required for
synthesis of these intermedi-
ates.

RefercKe

Tonnesen, Hanson,
and Seitz, 1981

Kabalka, Gooch,
and Otto, 1981;
Kabalka, Gocch.
and Sastry, 1981

A second method investigated to chemically stabilize radioiodine on
fatty acids to overcome the problem of in vivo deiodination involves direct
attachment of iodine to an olefinic hybridized carbon atom as in a termi-
nal vinyl iodide (I-CH-CH-). Methods similar to the formation of alky]
iodides described above for the synthesis of vinyl iodides have been
developed. These methods involve conversion of terminal acetylenes to
alkenyl-boronic acids (Kabalka, Gooch, and Otto, 1981). Treatment with
I-Cl was shown to smoothly convert the boronic acids to the corresponding
vinyl iodides. The terminal substituted vinyl iodide fatty acid prepared by
this route was of medium chain length (Cn) . In this study the fatty acid
was not radioiodinated or evaluated in animals.
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RADIOIODINATIED FATTY ACIDS CONTAINING
STRUCTURAL MODIFICATIONS TO
INHIBIT METABOLISM

One approach that has been extensively investigated as a means to
retain radiolabeled fatty acids in the myocardium involves the introduction
of the divalent tellurium (Te) and selenium (Se) heteroatoms in the fatty-
acid chain (Knapp, 1981). Tellurium and selenium can be readily incor-
porated while maintaining the linearity of the fatty acid molecule and were
envisioned as unique structural features that could possibly inhibit catabo-
lism of the molecule and result in prolonged retention or "trapping" of the
modified fatty acids in the myocardium. The results of tissue distribution
studies with several 75Se- and 123mTe-labeled fatty acids have demonstrated
that significant levels of radioactivity are retained in the heart after intra-
venous administration of these agents (Knapp, 1981). Tellurium-
123m-labeled 9-telluraheptadecanoic acid (9-THDA; V in Fig. 2) shows
pronounced and prolonged myocardiai uptake in rats (Knapp, Ambrose,
and Callahan, 1979). High-quality myocardiai images of normal dogs and
dogs with partial coronary artery ligation have been obtained with this
agent (Elmaleh et al., 1981). The kinetics of tracer uptake in the normal
and the ischemic dog myocardium have also been measured with
cadmium-telluride microprobes (Okada et al., 1982).

The effects of chain length and tellurium position on the heart uptake
of these agents in rats have been investigated (Knapp et al., 1981).
Several of the tellurium fatty acids such as 9-THDA exhibit a unique
property of rapid, pronounced myocardiai uptake followed by prolonged
retention. In dogs 70% of the peak activity extracted within a few minutes
after intravenous injection is retained in the myocardium after 3 days.
After 5 days 30% of the activity is retained (Elmaleh et al., 1981). These
results suggested that w-radiohalogenated fatty acids containing stable tel-
lurium may demonstrate similar rapid uptake and prolonged retention in
the myocardium and may represent attractive new agents for the measure-
ment of regional myocardiai metabolism. More recently, tissue distribution
and autoradiographic analyses have indicated that the alkyl (R) portion of
9-THDA [R-Te-(CH2)7-COOH, where R =̂  H3C-(CH2)6-(MCH2H, is
retained in the myocardium 60 min after administration (Knapp et al.,
1981). The alkyl region of 9-THDA would therefore appear to be an
attractive region to introduce radioiodidc.

Iodoalkyl-substituted tellurium fatty acids such as 17-iodo-
9-telluraheptadecanoic acid (VI) have been prepared by a route involving
iodide displacement of bromide from 17-bromo-9-THDA (Goodman et al.,
1982a). Female Fischer rats were administered 17-131I-iodo-9-THDA (i.e.,
17-13!I-iodo-9-telluraheptadecanoic acid) intravenously. A study of the dis-
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H3C - (CH,)7 - Te - (CHjl, - COOH (V)

9 - TELLURAHEPTADECANOIC ACID 19 - THDA)

I - CH2 - (CH2)7 - Te - (CHJIJ - COOH (VI)

17 - IODO - 9 - TEU-URAHEPTAUECANOIC ACID

15 - (p - IODOPHENYLI - 6 - TELLURAP6NTADECAN0IC ACID

CH2 - (CH2)e - Te - (CH2I4 - COOH (VII)

H / N c H ^ —Te—\CH215—COOH tVHI)

18 - lODO - 7 - TELLURA - 17 - OCTAOECENOIC ACID

! - / ^ V c H 2 - (CHj l , , - CH - COOH (IX)

H - Ip - IODOPHENYU - 2 - IR.S) - METHYLTETHADEC/'NOlC ACID

! - \ y - CH2 - ICH2), , - CH - CH2 - COOH (X)

CHj

15 - (p - IODOPHENYLI - 3 - IR.SI - METHYLPENTADECANOIC ACID

CH2 - (CH2I,O - CH - CHj - COOH (XI)

CH,

14 _ (p _ IODOPHENYLI - 3 - (R.SI - METHYLTETRAOECANOIC ACID

Fig. 2 Structures of structurally modifled fatty «ck'i.

tribution of radioactivity in tissues indicated that the level of accumulation
in the myocardium is not as high as that observed with 9-l23mTe-THDA
but similar to that observed with ^-'-"I-iodohexadecanoic acid (i.c,
niI-16-I-palmitate, Fig. 3). In contrast to 16-l31I-iodohexadecanoic acid,
the myocardial uptake of 17-l31I-iodo-9-THDA reached a maximum at 2
min and remained constant to 60 min. After 60 min the heart-to-liver ratio
was 1.6:1 and the heart-to-lung ratio was 2.2:1. The Leart-to-blood ratio
reached a maximum of 3:1 at 60 min. The accumulation of activity in the
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1 2 3 1
TIME AFTER INJECTION, he

Fig. 3 Comparison of the tissue distribution of radioactivity in rat hearts after
injection of 17-l31I-iodo-<MeUurahepUdtcanoic acid and 16-l3lI-iodo-palmltk
acid.

thyroid glands confirmed that significant in vivo deiodination occurs with
17-iodo-9-telluraheptadecanoic acid and 16-iodohexadecanoic acid.

The tissue distribution of 17-iodo-9-'23mTe-telluraheptadecanoic acid
was also examined in rats (Goodman et al., 1982a). The similarity of the
magnitude of myocardial uptake of radioacti'dty from 17-l31I-iodo-
9-THDA and l7-iodo-9-l23mTe-THDA suggested that significant deiodina-
tion did not precede myocardial uptake. These results also indicated that
the presence of the terminal iodide might be responsible for the decreased
myocardial uptake in comparison with 9-THDA. The extensive iodide loss
from 17-I31I-iodo-9-THDA was very similar to that observed in rats with
16-l31I-iodohexadecanoic acid (Fig. 4). The myocardial uptake of
17-131I-iodo-9-THDA could therefore not be accurately measured unless
corrections are used for the presence of the free radioiodide in the blood.
These results may provide insight to the mechanism of deiodination of
radioiodinated terminal iodoalkyl-substkuted long-chain fatty acids.

The much-slower thyroid accumulation of radioactivity after injection
of the two radioiodinated fatty acids in comparison to 13lI-NaI (Fig. 4)
indicated that loss of radioiodide from the fatty acids does not occur rap-
idly. As discussed earlier, the deiodination observed with radioiodinated
iodoalkyl-substituted fatty acids such as 16-13lI-iodo-9-hexadecenoic acid
could result from direct cleavage of the carbon-iodine bond or loss of
iodide from the labile position of a final catabolite or from a combination
of these two processes. Loss of iodide from beta-iodoacetyl-CoA formed
from degradation of 17-iodo-9-THDA would not occur, since oeta oxida-
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tion would not be expected to proceed beyond the tellurium hetcroatom.
These data strongly suggest that deiodination of the terminal iodinated
alkanoic acids such as 16-iodo-9-hexadccenoic acid and 17-iodoheptadec-
anoic acid may result primarily from direct cleavage of the carbon-iodine
bond rather than iodide loss from the final degradation product. Until now
the relative contribution of iodide loss from these two processes has been
only speculative. Because of the significant driodinatjon observed with
17-iodo-9-THDA, methods have been investigated to stabilize radioiodine
on tellurium fatty acids.

Radioiodide has been successfully stabilized on & model tellurium fatty
acid, 15-(p-iodophenyl)-6-tellurapentadecanoic acid (VII), by attachment
to the para-position of the phenyl ring (Goodman and Knapp, 1982). The
method developed for this synthesis involves a triazene decomposition reac-
tion (Scheme I). In the initial synthesis of VII, the two portions of the
molecule were fabricated independently since this was the most direct
route to obtain radioiodinated VII for evaluation in laboratory animals.
The triazene decomposition reaction is an attractive route for iodination of
the terminal phenyl ring siice the iodine is introduced regiospecificaUy
with exclusive formation of the para-iodophcnyl isomer.
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N - N « N~/~V(CH2), - I

I-/~V( CHj)!, - I + Na - Te (CH2), - COOMe

1. COLUMN 2. BASIC HYDROLYSIS
PURIFICATION I

I - / ~ \ ( C H 2 ) , - Te - (CHa), - COOH

Scfceael

The 125I- and l31I-lab«led iodophenyl-tellurium fatty acid (VII) have
been prepared and evaluated extensively in rats (Goodman et al., 1982b,
1982c). The pronounced rayocardial uptake of 125I -labeled VII is illus-
trated in Fig. 5. The pronounced heart uptake observed 5 min after injec-
tion demonstrates the specificity and rapid extraction of this new agent by
the myocardium. This agent also exhibits the unique prolonged retention
described earlier for 9-telluraheptadecanoic acid (9-THDA). Only —40%
of the peak uptake observed 1 to 2 hr after administration is lost from the
myocardium after 24 hr. The low in vivo deiodination is exhibited by the
persistent low blood and thyroid levels of radioiodide even 24 hr after
injection. This agent has also been radiolabeled with iodine-123 (Goodman
et al., page 488 in this volume). The radioiodinated agent is currently
being evaluated in dogs with normal myocardial perfusion and in dogs
with partial coronary artery ligation (Okada et al., unpublished data). A
goal of future synthetic studies is to introduce radioiodide into VII ait a
later stage of the synthetic sequence.

Fatty acids containing stable tellurium with the iodine stabilized by
attachment to a terminal vinyl iodide have also been prepared as shown in
Scheme II. The method developed for the synthesis of 18-iodo-
7-teiiura-17-octadecenoic acid VIII (Knapp et al., 1982a, 1982b), involved
formation of the w-iodo-1-enyl boronic acid from 11-iodo-l-uodecyne.
Treatment with I+ from either I-Cl or in situ chloramine-T oxidation of
I" gave 1,11-diiodo-l-undecyne. Although the primary iodide was suscep-
tible to nucleophilic displacement, the vinyl iodide moiety was stable under
the reaction conditions. Coupling the sodium salt of methyl caproyl tellurol
with 1,11-diiodo-l-undecyne gave the desired vinyl iodide-substituted tellu-
rium fatty acid methyl ester. After purification by adsorption column
chromatography, the methyl ester was hydrolyzed by base to the free acid.



300 KNAPP. GOODMAN, ELMALEH. OXADA, AND STRAUSS

20 30 40 50
TIME AFTER INJECTION, min

60

Fig. 5 Distribution of radioactivity in the heart and blood (perceit iajected
dose per gram of tissue) of female Fischer rats after atnrcmous adatietetratioB
of 15-(p-l23I-iodophearl)-6-teUiinpeMadecaaoic acid. The mem and nuge fstoes
are shows for four rats (Goodaaa et aL, 1982s).

The trans stereochemistry of the vinyl iodide moiety in these compounds
was readily established by proton nuclear magnetic resonance
spectrometry. The chemical-shift values and coupling constants (J) for the
olefinic protons exhibit the characteristic trans ABX2 coupling pattern as
expected.

This indirect route for the preparation of the vinyl iodide tellurium
fatty acids, in which the diiodoalkene is prepared first, was chosen to avoid
formation of an undesired telluronium species (RRTeI*+ C5*~) which
could result from the direct addition of I-Cl to the tellurium. Although
subsequent mild reduction (H2S, NaBH*, etc.) will presumably remove the
halogens from the tellurium, this route is cumbersome. The alternative
route shown in Scheme II was therefore developed in which the vinyl
iodide moiety was introduced at the stage of the diiodoalkene intermediate.
The most direct route would be introduction of the radioiodide at the final
stage of the synthesis by reaction of the boronic acid of the intact tellu-
rium fatty acid with I+ (Scheme III). This route is now being explored.

The l2SI-labeled fatty acid VIII was prepared in the same manner
using I25I+ for substitution of the boronic add. Tissue distribution studies
in female Fischer rats (Knapp et al., 1962a) demonstrated significant
myocardial uptake (Fig. 6). The low blood levels and marginal thyroid
uptake show that introduction of the vinyl iodide moiety is an effective
method of stabilizing the radioiodide in the tellurium fatty acid, /in
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interesting observation in these studies was the unanticipated effect of tel-
lurium position on the hiodistribution properties. Earlier studies had shown
that tellurium in the 6, 9, or 11 position of heptadecenoic acid had the
same effect on heart uptake (Knapp et al., 1981). It was thus unexpected
that 18-l25I-iodo-13-tellura-I7-octadecenoic acid showed significantly
reduced myocardial uptake and low heart-to-blood ratios. This analog has
the same chain length as compound VIII (Fig. 2) with the tellurium in
position 13. It was prepared by the same route outlined in Scheme II
(Knapp et al., 1982a, 1982b). More recently, the effect of tellurium posi-
tion on myocardial uptake has been investigated in detail, and 13-t.ellu-
raheptadecanoic acid, an analog of 9-THDA having the same chain length,
also showed decreased myocardial specificity (Strauss et al., 1982).

Kabalka, Sastry, and Somayagi, (1982) have recently shown that vinyl
iodides can be prepared from the corresponding vinyl boronic acids by
reaction of the I+ ion generated by in situ oxidation of iodide ion (I~)
with chloramine-T. This new improvement should greatly facilitate the
synthesis of a variety of iodoalkyl-substituted (I-CH2-) and iodovinyl-
stbstituted (I-CH-CH-) fatty acids since sodium iodide can be used
directly. This step circumvents the loss in time and radioactivity encoun-
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tered in converting iodide to iodine monochloride prior to the radiollabeling
step.

Recently it was suggested thai the introduction of a methyl group in
the beta position of long-ciiiain fatty acids would inhibit beta oxidation by
preventing oxidation of the beta hydroxyl intermediate to the beta keto
acid (Livni et al., 1982). The tatter intermediate is normally formed
before a,|?-carbon-carbon bond cleavage by the thiolase system in the first
cycle of beta oxidation. If the methyl-branched fatty acids demonstrated
myocardial specificity and uptake and beta oxidation were inhibited, it was
postulated that the partially metabolized beta methyl fatty acid may be
trapped" and exhibit prolonged myocardial retention. Evaluation of
l-"C-3-methylheptadecanoic acid in rats and dogs demonstrated that the
clearance rate of radioactivity from the myocardium was decreased. The
clearance rate of the beta methyl fatty acid was very slow in dogs when
compared to that observed for the unbranched analog, l-"C-heptadecanoic
acid. The slower clearance was also demonstrated through use of positron
emission tomography, and regional areas of decreased uptake were
observed in infarcted dogs with coronary artery ligation. These studies sug-
gested that this type of fatty acids may potentially be used to monitor and
measure regional fatty-acid metabolism in the myocardium in a manner
similar to that developed for glucose metabolism studies utilizing
2-l8F-fluoro-2-deoxyglucose.

The application of this principle of metabolic inhibition by methyl
branching has been investigated by the preparation and evaluation of sev-
eral radioiodinated o-(p-iodophenyl)-substituted methyl-branched long-
chain fatty acids (IX to XI, Fig. 2). In these agents the radioiodine was
stabilized by attachment to the para position of the terminal phenyl ring.
The multistep synthesis of these new agents involved two different
approaches which are only briefly described in this paper.

In the synthesis of 14-(p-iodophenyl)-2-(R,S)-methyltetradecanoic acid
(IX), the methyl branching was introduced by carbon-carbon bond forma-
tion via coupling of 12-phenyldodecyl iodide with the anion of
2,2-dimethyl-S-ethyl oxazoline (Goodman et al., 1982d). The oxazoline
ring was opened with acidic ethanol, and purification of the resulting ethyl
ester and hydrolysis gave the free acid IX. Chain extension to form X was
accomplished by a series of reactions beginning with LiAlH* reduction of
the ethyl ester of 14-phenyl-2-(R,S)-methyltctradecanoic acid to the
corresponding alcohol. Conversion to the iodide by treatment with
Me3Si-I, followed by treatment with NaCN and then basic hydrolysis,
gave lS-phenyl-3-(R,S)-methylpentadecanoic acid. The a-methyl-C,4 and
/S-methyl-C15 terminal phenyl fatty acids in these initial studies were con-
verted to 14-(p-iodo|)henyl)-2(R,S)-methyltetradecanoic acid (IX) and
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15-(p-iodophenyl)-3-(R,S)-methylpentadecanoic acid (X), respectively, by
treatment with thallium trifluoroacetate followed by sodium iodide.

Evaluation of the 125I-labeled a- and ^-methyl IX and X in rats
indicated that myocardial uptake was significant (Table 3) but that
blood levels also remained high, resulting in low heart-to-blood ratios. In
these preliminary studies, radioiodinated I4-(p-iodophenyI)-2-(R,S)-
methyltetradecanoic acid and 15-(p-iodophenyl)-3-(R,S)-methyipentadec-
anoic acid were prepared by 125I-NaI treatment of the bis-
(trifluoroacetyl)thallium products obtained by treatment of the acids with
thallium(III)trifluoroacetate in trifluoroacetic acid. Analysis by proton
nuclear magnetic resonance of the unlabeled iodinated products indicated
that the para-iodophenyl isomers predominated (>90%), and small
amounts of the ortho and meta isomers were also present. The radioiodina-
tion in these preliminary studies was therefore only 90% regiospscific, and
the results of the initial biodistribution studies in Table 3 reflect small
contributions from the ortho and meta isomers. Thes* contributions may
account for the high blood levels.

TABLES

Tissue Distribution of 125I-Labeled p-<Iodopfcenyl>-Substiftrted Fatty
Acids in Tissues of Female Fischer Rats

'"l-hbefed fatty ccM

1 S-(p-IodopheDyl)-3-(R,S)-
methylpentadecanoic
acid (X)

15-(p-Iodophenyl)-
pentadecanoic acid

14-(p-lodophenyI)-2-(R,S)-
methyltetradccanoic
said (IX)

14-(p-Iodophenyl)-
tetradecanoic acid

MiMtes
•fter

taJcctkM

5
60

5
60

5
60

5
60

Rug? of pcrccat 4OM per gnat
ndact for bar rate

Heart

3.61 lo 6.35
3.80 to 4.6S

2.34 to 3.47
2.20 to 2.47
1.22 to 2.26
1.03 to 2.40

2.42 to 3.10
1.32 to 2.01

Tltmt

Hooa

0.31 to 1.19
1.31 to 1.42

0.67 to 1.18
1.17 to i.41
0.83 to 1.30
1.29 to 1.51

1.37 to 1.79
1.43 to 1.62

ThyroM

6.12 to 7.91
9.92 to 13.02

5.64 to 9.54
7.19 to 7.63
1.32 to 1.70
2.04 to 4.23

0.90 to 1.97
1.89 to 3.99

In another approach 14-(p-iodophenyl)-3-(R,S)-methyltetradecanoic
acid was prepared by a route involving carbon-carbon formation using a
Grignard reaction (Elmaleh et al., 1982). Phenyldecyl bromide was
treated with magnesium in THF (tctrahydrofuran) followed by a mixture
of methyl copper, methyl lithium, and cuprous iodide. Reaction with
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racemic ethyl-3-(R,S)-methyl-4-iodobutyrate followed by hydrolysis then
gave 14-phenyl-3-(R,S)-methyltetradecanoic acid. Electrophilic iodination
of the phenyl ring followed by purification by liquid chromatography
yielded presumably the para-iodopheriyl isomer. Tissue distribution studies
of the 13II-labeled analog in mice showed high myocardial uptake
(Table 4). As expected, this agent, XI, gave tissue distribution results sim-
ilar to IX and X. The low thyroid uptake indicated that little in vivo
deiodination occurred. In addition, the blood levels rose rapidly, resulting
in only .noderate heart-to-blood levels within a few minutes after injection.
Since the thyroid and gut levels of radioactivity after injection of com-
pounds IX to XI were low, the radioactive component in the blood was not
inorganic iodide. These studies have shown that, although myocardial
clearance is retarded, irreversible retention or "trapping" is not signifi-
cantly enhanced by the introduction of methyl branching in the 2(a)- and
3((S)-positions.

TABLE 4

Tissue Distribution of Iodine-131-Labeled
Analog in Mice*

Tissue

Heart
Blood
Thyroid

•Percent
error.

Tine *iter bjectkw

5min

16.18 ± 1.85
2.81 ± 0.45
0.10 ± 0.05

injected dose per

30 n h

10.82
3.14
0.08

gram ±

± 1.83
+ 1.90
± 0.03

standard

Compounds IX, X, and XI consist of racemic mixtures of the R- and
S-metbyl isomers. The synthesis of XI was performed with the racemic
ethyl-3-(R,S)-methyl-4-iodobutyrate substrate. The anion generated by
butyl lithium treatment of 2,2-dimethyl-S-ethyl oxazoline presumably led
to the formation of racemic mixtures of the methyl-branched analogs IX
and X. The ratios of the R and S isomers have not been determined for
these three compounds, but the high myocardial uptake observed with the
radioiodinated agents would indicate that resolution of the racemic mix-
tures should be performed and the radioiodinated R and S isomers of IX,
X, and XI evaluated individually in laboratory animals. Since the effect of
the stereochemistry of the asymmetric carbon atom in the R and S isomers
on organ specificity, uptake, and retention is not known, it is possible that
persistent high blood levels could result from retention of one of the
isomers in the blood pool.
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The triazene decomposition route described earlier (Scheme I) for the
synthesis of lS-(p-iodophenyl)-6-tellurapentadecaaoic acid (VII) is now
being used for the preparation of the methyl branched fatty acids IX and
X (Goodman and Knapp, unpublished data).

CLINICAL STUDIES WITH RADIOIODINATED
FATTY ACIDS

Since the initial studies with radioiodinated oleic acid (Evans et al.,
1965; Gunton et al., 1965), there has been increasing interest in evaluat-
ing the heart by studying the myocardiai kinetics of this primary source of
energy. The initial studies suggested that the fatty acids are rapidly taken
up by the heart and rapidly degraded. Attempts to increase the duration
of fatty-acid concentration in the heart by placing the radioiodine on the
terminal position of 16-iodo-9-hexadecenoic acid have been reported (Poe
et al., 1977). To date, the radioiodinated 16-iodo-9-hexadccenoic acid
(II) and 17-iodoheptadecanoic acid (III) have been most extensively stud-
ied. In normal patients the initial blood clearance with
17-'23I-iodoheptadecanoic acid is rapid with a half-time of —2 min. This
rapid blood clearance of radioactivity after intravenous administration is
accompanied by a slower rise in the contribution of free radioiodide to the
blood. Within 15 min after administration of the radioiodinated fatty acid,
55 to 75% of the radioactivity in the blood pool is inorganic radioiodide.
This release of the radiolabel in a different radiochemical form makes the
analysis of myocardiai metabolism with this tracer very difficult. A special
"correction technique" involving injection of inorganic radioiodide was
developed to clearly delineate radioactivity specifically localized in the
myocardium. With this correction technique, very clear myocardiai images
have been obtained in normal subjects and in patients with coronary artery
disease (CAD) and congestive heart failure (CHF) (Freundlieb et al.,
1980; Feinendegen et al. 1981). The major limitation of this "correction"
approach is the potential error caused by the increased application of the
correction over time. Severely ischemic areas have been observed as zones
of decreased fatty-acid concentration in the images; these areas correlate
well with the results of adenography. If the distribution mimics blood
flow, as suggested by the recent work of Okada and associates (1982) with
123mTe-labclcd fatty acids, reduced fatty-acid uptake should be observed in
areas of acutely decreased perfusion.

In addition to the correlation of regional distribution with blood How,
the release rates (clearance) of the radiolabel from the myocardium can be
measured from images. In early studies no differences in global clearance
rates in normal subjects (TM> 24 ± 4.7 min) and in patients with CAD or
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CHF were detected (Freundlieb et al., 1980). More recently, measure-
ments of radioiodide release rates in specific regions of interest (ROI)
comprising normal and ischemic myocardium have shown significant
diffe ances (Feinendegen et al., 1981)- In normal myocardium the release
rates (T&, 25 ± 4 min) were significantly more rapid than the rates
measured for the ischemic regions in patients with established CAD (TK,
42 min). In contrast, in patients with congestive cardiomyopathy (COCM)
in whom CAD had been clearly excluded, there was a nonhomogeneous
distribution of radioiodide at the peak accumulation period. The global
release rates for the myocardium in these patients were prolonged, and
rates of accumulation could not be correlated with the elimination rates.

The radiolabel clearance was carefully defined by Okada in normal
and in ischemic canine myocardium by the use of 16-'23I-iodopalmitic acid
(Okada et al., 1981). Cadmium telluride detectors were placed against the
endocardium of the dog after partial occlusion of one vessel. When flow to
the ischemic zone (measured with microspheres) was reduced by 80%, the
clearance of radioiodine was similar in both the normal and the ischemic
areas. These contradictory results require further investigation before the
release rates of radioiodide can be correlated with changes in regional
myocardial fatty-acid metabolism.

Differences in myocardial release rates of radioiodide have also been
reported between normal, acuteiy infarcted, and ischemic myocardium in
humans (Huckell, Lyster, and Morrison, 1980). The myocardial distribu-
tion of radioactivity after injection of I6-l23I-iodo-9-hexadecenoic acid (II)
has also been compared with thallium-201 in a series of patients with
acute myocardial infarction and unstable angina (van der Wall et al.,
1980). Perfusion defects were clearly delineated in the images obtained
with the radioiodinated fatty acid comparable to images obtained with
thallium-201. More recently, the myocardial ROI release rates in patients
with acute myocardial infarction (irreversible ischemia) have been mea-
sured after administration of 17-l23I-iodoheptadecanoic acid (III) and
16-123I-iodo-9-hexadecenoic acid (II) (van der Wall et al., 1981a). The
release rates estimated from the monoexponential time-activity curves
were similar for the two radioiodinated fatty acids. Analysis of infarcted
segments (ROI) of the scintigrams demonstrated that the two fatty acids
showed similar release rates, i.e., 18.5 ± 2.5 min for HI and 16.8 ± 3.5
min for II. In contrast, the release rates from the noninfarcted segments of
the myocardium in patients with confirmed myocardial infarction were sig-
nificantly more prolonged, i.e., 34.8 ± 7.7 min for III and 34.0 ± 8.4
min for II. These latter values were similar to myocardial release rates
from normal subjects, i.e., 27.5 ± 3.0 min for HI. The more-rapid release
rates from irreversibly ischemic zones are in contrast to the reported pro-
longed release rates from transient ischemic myocardial regions in patients
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with CAD (Feinendegen et al., 1981), which adds to the controversy over
the use of this measurement.

Release rates have also been measured at rest and during exercise with
17-IZ3I-iodoheptadecanoic acid in patients with angina pectoris (van der
Wall et al., 1981b). In these studies exercised patients demonstrated pro-
longed release rates from the ischemic zones (e.g., 46 ± 7.1 min) in com-
parison to ROI that had normal perfusion (e.g., 28.7 ± 3.6 min). At rest
the release rates, however, were similar in all myocardial regions (e.g.,
29.1 ± 4.7 min).

The release of radioiodide from the myocardium was felt to be an
index of fatty-acid cataboiism by loss of the labile radioiodide from the
final short-chain catabolite. The loss of radioiodide could reflect only ca-
taboiism, direct metabolic cleavage of the carbon-iodide bond, loss of
radioiodide because of the chemical lability of the carbon-iodide bond, or
any combination of these three processes. Recent studies in animals have
demonstrated that the decrease in myocardial radioactivity and the appear-
ance and retention of radioiodide in the blood pool are very similar after
administration of 16-13lI-iodopalmitic acid and 17-131I-iodo-9- tellurahep-
tadecanoic acid (VI) (Goodman et al., 1982a). Since the latter agent is
not expected to be converted to a short-chain iodide-labile metabolite by
the usual pathways, and the carbon skeleton of this compound appears to
remain intact in the myocardium, these results suggest that radioiodide
loss from radioiodinated long-chain fatty acids may primarily result from
direct cleavage of the carbon-iodide bond. The development of radioiodi-
nated tellurium fatty acids and other modified agents has be-in discussed
earlier in this paper. The long-chain fatty acid in which radioiodine has
been stabilized by attachment to the phenyl ring,
15-(p-123I-iodophenyl)pcntadecanoic acid, has also been evaluated in
patients (Dudczak et al., 1981a, 1981b; Reske et al., 1981). Perfusion
defects were clearly delineated with this agent in patients with CAD. The
results compared well with thallium-201 scintigrams. The reduced uptake
of this agent was also reported in ischemic regions, and elimination half-
times were increased from the heart in patients with CAD.

Recently experiments using isolated, perfused guinea pig hearts have
demonstrated that the rate-limiting factor for release of radioiodide after
perfusion of medium containing the terminal radioiodinated fatty acids
correlates well with the membrane transport of halidc ion (Klostcr and
Stbcklin, 1982). The authors conclude that the membrane transport of
haiide ion rather than beta oxidation is the rate-limiting step for release of
radioiodide from the myocardium. The current state of the art suggests
that uptake measurements with these agents will indirectly reflect fatty
acid utilization; however, a correlation of "release rates" with regional
myocardial fatty acid metabolism requires further investigation.
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ABSTRACT

N-isopropy)-[123I]-p-iodoamphetamine is a lipophilic tracer tbat passes readily across the
blood-brain barrier and is retained long enough to permit planar and tomographic imaging.
Its distribution in the brain is proportional to blood Ilow, ar.d its brain concentration remains
unchanged be'ween 30 min and 1 hr after intravenous injection. Tomographic imaging
demonstrates increased activity in the gray matter, basal ganglia, and thalamus as would be
expected with a cerebral perfusion tracer. In patients with acute cerebral infarction, decreased
perfusion occurs immediately with the onset of symptoms, unlike X-ray CT (computed
tomography) which usually does not become abnormal for 2 to 3 days. The perfusion defect
may be substantially larger than the ultimate abnormality seen on X-ray CT. The technique
also has utility in epilepsy in defining the abnormal focus in patients with medically intracta-
ble temporal-lobe epilepsy. This technique should prove to be a routine nuclear medicine pro-
cedure for the evaluation of cerebral perfusion.

Recently a family of l23I-labeled tracers that meet the two requirements
for brain imaging, i.e., bleed brain barrier permeability and retention in
the brain parenchyma, has been synthesized. The most promising of these
tracers, N-isopropyl-p-iodoamphetamine, has been labeled with 123I and is
currently undergoing extensive trials throughout the country.

Amines are important chemical mediators of brain function. They
affect transport and uptake of brain metabolites, rates of synthesis, and
metabolism. It is likely that many neurological diseases, including some
that are currently labeled as functional disorders, such as schizophrenia
and manic-depressive disease, may manifest altered amine kinetics and
function. A number of labeled amines that cross the normal blood brain
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barrier and remain fixed in the brain for sufficient time to permit tomo-
graphic imaging have been synthesized in the past few years.

Winchell and his colleagues have demonstrated that a large number of
amines pass the blood brain barrier, resulting in high concentrations within
the brain after intravenous injection (Winchell, Baldwin, and Lin, 1980).
The penetration of the blood brain barrier is due to free diffusion of the
un-ionized lipophilic form of the compound. For the most promising of the
agents tested, N-isopropyt-p-icdoamphetamine, the brain uptake was 1.3%
of fhe injected dose at 5 min, 1.9% at 60 min, and 1.5% at 180 min in the
rat. This compound, therefore, meets fcioth requirements for optimal imag-
ing: (1) high initial uptake and (2) retention of the tracer within the
brain parenchyma.

Three possible mechanisms for localization are: pH gradient, metabo-
lism into an impermeable metabolite, and receptor binding. The pH differ-
ence between blood and brain is probably insufficient to account entirely
for the high concentration of the radiotracer in the brain. Winchell has
proposed that, at least to some extent, these amines are localized in the
brain primarily because of the presence of high-capacity relatively non-
specific binding sites for amines (Winchell et al., 1980). This hypothesis is
supported by the demonstration that N-isopropyl-p-iodoamphetamine in-
hibits the uptake of serotonin and norepinephrine in synaptosomes. The
extent to which these observations in tissue culture models can be
extrapolated to the intact central nervous system must be further studied.

The initial distribution of iodoamphetamine correlates with regional
cerebral blood flow (Kuhl et al., 1982). At 5 min after injection, there is
good agreement between regional cerebral blood flow values based on this
iodoamphetamine distribution and the blood flow measured following the
intra-atrial injection of microspheres.

IMAGING TECHNIQUE

We are currently performing single-photon emission computed tomog-
raphy (SPECT) by using the Harvard University scanning multidetector
brain system after the intravenous injection of N-isopropyl-[123I]-p-
iodoamphetamine (IMP) in patients to evaluate their regional cerebral
perfusion (Hill et al., 1982).

The scanning detector system was originally conceptualized by Stod-
dart in 1975 (Stoddart and Stoddart, 1979) and developed commercially
by Union Carbide Corp. Since the liquidation of Union Carbide Imaging
Systems, hardware and software development has continued at Harvard
University, The strengths of this system are efficient data collection (large
solid angle for gamma detection), sharp resolution, and uniform geometric
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efficiency across an entire slice (Flower et al., 1979; Jarritt et al., 1979;
Kirsoh, 1981; Zimmerman, Kirsch, and Lane, 1980). The system
sensitivity is 14,000 counts sec"' mCi"' ran"3, and resolution is 10 mm
full width at half maximum (FWHM) (Zimmerman, Kirsch, and Lane,
1980).

Because the 123I used for the radiolabel is produced by the
;24lTe(p,2n)?25S'l23I reaction, 2.1 to 4.6% contamination with ml is pres-
ent at the time of injection. The effects of scatter and lead "punch-
through" by high-energy photons from the l24l contamination is minimized
in the images by an approximate background subtraction applied to the
raw data before reconstruction. The studies are all performed in dual-
channel mode with the low-energy pulse-he window set at 135 So 585
keV (surrounding the 123I peak) and the high-wiergy window set at 310 to
360 keV.

Before scanning patients three cylindrical phantoms were used to
obtain a scatter mask. One cylinder was filled with 0.04 mCi of pure 1Z4I
and placed in the gantry. The other two were filled with 0.08 mCi of 1Z4I
and placed on the patient couch in positions roughly approximating a
patient's lung field and lower torso. The two-dimensional projection inten-
sity distributions recorded in the low-energy window provided a close
approximation to the shape of the distribution from the 1MI bac1 ground
when scanning a patient with I23I. This technique is not an exact compen-
sation for punch-through and does not replace the requirement for very
pure 123I.

For patient studies at least one tomographic image is obtained at 2 cm
above the orbito-meatal line. Additional images are obtained at 2-cm
increments from the initial slice. The injected dose is 5 mCi, and imaging
is performed between 20 to 60 min after the injection. To improve the sta-
tistical quality of the images, two to six slices from the same level are
summed for presentation.

NORMAL DISTRIBUTION

When I23I-IMP is injected intravenously, the dose is initially deposited
in the lung (Holman et al., 1982). Maximal lung uptake is achieved in
from 1 to 2 min, with a fairly rapid washout from the pulmonary compart-
ment. Brain activity is observed 30 sec after injection and is greater than
80% of peak activity by 5 min. Brain activity remains constant from about
20 to 60 min after injection, with between 6 to 9% of the injected dose
deposited within the brain parenchyma.

Patients without central nervous system disease and with normal X-ray
computed tomography (CT) examinations demonstrate bilaterally sym-
metric activity on the I23I-IMP images (Fig. 1). Activity is greatest in a
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strip of cortex along the convexity of the frontal, temporal, parietal, and
occipital lobes, corresponding anatomically to cortical gray matter.
Activity is also high in the region corresponding to the basal ganglia. The
region between the basal ganglia and the convexity corresponding anatomi-
cally to cortical white matter has less IMP activity. The activity in the
cortical gray matter is uniform in the temporal, parietal, and occipital
regions but appears patchy in the frontal region. The contour of this activ-
ity is undulating and reflects the gyral architecture observed on the X-ray
CT examination. Depressions due to the interhemispheric and Sylvian fis-
sures are also present. Activity in the visual cortex of patients subjected to
bright light is greater than that in patients studied with eyes closed at the
time of injection.

CEREBRAL INFARCTION

In patients with cerebral infarction, the abnormality on emission com-
puted tomography with l23I-IMP is immediate, unlike the defect on trans-
mission CT which does not appear until 3 to 4 days after onset of symp-
toms. In our experience 21 of 22 patients with acute cerebral infarction
had perfusion defects on their IMP study (Hill et al., 1982). Eight of these
patients had normal X-ray CT studies at the time of hospital admission
(Fig. 2). Ten patients had IMP studies with larger perfusion defects than
the abnormality demonstrated on the X-ray CT scan. In eight patients the
perfusion abnormality on the IMP study was equal to the size of the
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infarct on the X-ray CT scan. In the 19 patients with middle cerebral
artery infarction, the perfusion defect involved the gray and white matter
of the temporal and parietal lobes with variable extension into the frontal
and occipital lobes and the basal ganglia. In these patients the sensory and
motor deficits were on the side contralateral to the perfusion defects. In
the three patients with posterior cerebral infarction, there were correspond-
ing perfusion defects involving the occipital lobe, with involvement of the
visual associative areas. In these three patients there were corresponding
visual field cut°. One patient had an abnormal X-ray CT and a normal
IMP study.

In seven patients with transient ischemic attacks but without focal neu-
rological signs, both the IMP studies and the X-ray CT scans were nor-
mal.

The information obtained from the X-ray CT scan and the IMP image
are different in character. The perfusion studies are useful in assessing the
extent of tissue involvement in patients with stroke. In patients with acute
infarction, early X-ray CT examinations demonstrate normal morphology,
v/hereas functional IMP images show lack of perfusion to areas that subse-
quently levelop X-ray CT changes consistent with infarction. The perfu-
sion abnormalities also can be larger than the X-ray CT changes.



SPECT BRAIN IMAGING WITH IMP 317

EPILEPSY

In the majority of patients with partial epilepsy, both regional blood
flow and metabolism are increased within the epileptic focus during sei-
zure activity, when measured with positron-emitting radiopharmaceuticals
(Spencer, 1981; Engel et al., 1980; Kuhl et al., 1980). In the majority of
these patients, the transmission CT scan is normal. Cerebral blood flow is
also elevated in the region corresponding to the seizure focus, when meas-
ured by positron-emission tomographic techniques (Kuhl et al., 1980) or
by the inert-gas washout method and the carotid artery injection of l33Xe
(Hougaard et al., 1976; lngvar, 1973, 1975; Lavy et al., 1976; Salai et al.,
1978).

In patients with epilepsy who are injected with 123I-IMP during seizure
activity, there is markedly increased activity involving the portions of the
cerebral cortex corresponding to the epicenters of seizure focus on elec-
troencephalographic examination.

Although focal epilepsy can result from a host of anatomic lesions with
the brain tissue, neurologic abnormalities are often not detectable. More-
over, transmission CT is often normal or shows nonspecific atrophic
changes. Increased metabolic activity has been observed during the ictal
phase, with a focal decrease in function in the corresponding region
between seizures (Kuhl et al., 1980). Increased perfusion can occur at a
time when there is focal electrical discharge but in the absence of clini-
cally recognizable seizures.

CLINICAL UTILITY

Emission computed tomography with N-isopropyl-[l23I]-p-iodoamphet-
amine would appear to be useful in a number of neurological conditions:

1. Acute cerebral infarction where the CT scan is usually normal for
several days after onset of symptoms and where the physiologic abnor-
mality may exceed the anatomic abnormality. For example, patieu..
with small intrathalamic infarcts may have profound i ical symp-
toms, such as hemiballiumus, accompanied by marked •<. extensive
increases in cortical perfusion to that hemisphere.

2. Before and after endarterectomy to document the effecu "ness of
the surgical intervention.

3. In patients with epilepsy when the extent and location of the
hypermeta.bolic, and hence the hyperperfused, focus may be important
to medical and surgical management. Follow-up examination may be
useful in documenting the effectiveness of medical therapy.

4. In patients presenting an ambiguous clinical pattern for which
transmission CT examination alone does not provide the diagnosis.
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We would anticipate that, with increasing clinical experience, the list
of clinical indications for this procedure will increase substantially.
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ABSTRACT

HiPDM is an '"Mabelcd agent with a distribution in brain reflecting regional perfusion. This
compound is neutral and lipid soluble at blood pH and freely crosses the blcod-brain barrier.
At the lower pH in brain, it picks up a bydrogen ion and becomes positively charged. In this
form the molecule is not lipid soluble and it is "trapped" in brain.

Traditional brain imaging agents are compounds that cannot pass through
the blood-brain barrier (BBB). In areas of brain where the BBB is no
longer intact, the imaging agents show a positive uptake. Many brain
diseases, however, in their early stages do not involve defects in the BBB
but are characterized by changes in regional perfusion and/or in metabolic
patterns. Measurement of these physiological changes can provide useful
diagnostic information on brain function. This type of brain imaging agent
can be used in conjunction with singie-photon emission computed tomogra-
phy (SPECT) to measure or infer regional brain perfusion (Hill, 1980;
Oldendorf, 1981; Budinger, 1981).

Several CNS (central nervous, system) active iodinated monoamines
showed high brain localization. An iodinated catecholamine analog,
4-[131l]-iodo-2,5-dimethoxyphenyHsopropylamine, exhibited high brain
uptake (2% dose in dogs) and was proposed as a potential brain imaging
agent (Sargent et al., 1978). Another monoamine, N-isopropyl-p-
[U3I]-iodoamphetamine (IMP), also displayed high brain uptake in
animals (Winche?:. Baldwin, and Lin, 1980; Winchell et al., 1980), and
several recent reports have validated qualitatively and quantitatively the
clinical usefulness of this monoamine as a local cerebral blood flow indica-
tor (Lafranee et al., 1981; Kuhl et al., 1982; Hill et al., 1982). It was sug-
gested that the mechanism of brain localization for IMP depends on iipid
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solubility and the affinity of this molecule for "nonspecific high capacity"
binding sites in brain cells (Winchell et al., 1980; Kuhl et al., 1982).

THE pH SHIFT HYPOTHESIS

Recently we, have proposed a new mechanism for radiopharmaceutical
localization based on intracellular "trapping" of weak bases (Kung and
Blau, 1980a). Many tissues have lower intracellular pH either normally or
as a result of various metabolic disturbances (Sargent et al., 1978; Rapo-
port, 1976). Tertiary amines that are neutral and lipid soluble at blood pH
(~7.4) can diffuse freely into cells. In those regions where intracellular
pH is lower (—7.0), the amines combine with hydrogen ions and become
positively charged. In this form the molecules are no longer lipid soluble
and are temporarily trapped because they cannot diffuse out of the cell.
The influence of regional pH on drug entry and retention in the central
nervous system and other tissues is a well-known phenomenon (Rapoport,
1976).

It is possible to predict intracellular and extracellular concentration
ratios from the i-fenderson-Hasselbalch equation. The equilibrium of ion-
ized and un-ionized forms of an amine base (B and BH+ ) between 1-
octanol and buffer can be defined as

BH+ ^ H + + Bw *i Bo (1)

where Bw and Bo are the un-ionized forms in buffer and in octanol, respec-
tively. Assuming that the ionized form, BH+, is not soluble in octanol,
then,

K,K2
Partition coefficient = — ^ (2)

[H ] + K]

The concentration ratio of labeled amine, B, will depend on the pH gra-
dient between brain and plasma. When K| is much lower than [H+], it
can be shown (Rapoport, 1976) that

[Total B in brain] [B]brrin + [BH+]braiI1 + [H+]b r l i B

[Total B in plasma] [B]plssnl, + [BH+]p lMm , + [H

For brain tissue with an intracellular pH of 7.0 and with a plasma pH of
7.4, the calculated brain-to-plasma ratio would be 2.S3.
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By using the same principle, the equilibrium and partition coefficient
for a diamine molecule can be shown to be

H2B2+ ^ H + + HB+ ^ H + + Bw ^ Bo (4)

and

Partition coefficient = , . . . . , , „ „ . , , „ - (5)

For diamines with both Ka's much lower than [H + ] , the resulting tissue-
to-plasma ratio is given by

[Total B in brain] _ I [H hmua I
[Total B in plasma] \ ]

In this case the tissue-to-plasma ratio is determined by [H+J2, and the
concentration difference for a "pH shift" of 0.4 unit would be a factor of
6.3 (Lcoerg, 1980).

On the basis of this pH shift mechanism, we have prepared and tested
a series of compounds labeled with either radioactive selenium (Kung and
Blau, 1980b) or iodine (Tramposch, Kung, and Blau, 1982, 1983).

SELENIUM-75-LABELED COMPOUNDS

Tertiary diamines labeled with 75Se are attractive because 75Se is
among the few gamma-emitting radionuclides that can form two stable
covalent bonds with carbon atoms. As a result of the covalent bond forma-
tion, selenium-labeled organic compounds are generally more stable than
chelates of various radioactive metal ions (e.g., " T c , '"In, and 67Ga).
The chemical structures of the selenium compounds are more versatile and
can be manipulated to suit specific physical-chemical requirements (i.e.,
lipophilicity and functional groups) for target-organ localization. The
organic chemistry of selenium has been reviewed extensively (Klayman
and Gunther, 1973; Zingaro and Cooper, 1974) and can readily be applied
to radiopharmaceutical preparation.

The physical properties of 7SSe are not ideal for imaging in humans
(long physical half-life: T», 120 days; multiple gamma-ray energy: 163%,
120 to 280 keV), but the chemical stability, easy synthesis, and long shelf
life for 7sSe-labeled compounds make them ideal as test compounds.
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On the basis of a simple one-step reduction method,

NaBH4 2RX
H2SeO3 • NaSeH • R - S e - R (7)

a group of 75Se-labeled tertiary diamines was prepared. The chemical
structures of 75Se-labeled compounds are shown in Fig. 1. The pKa's for
these selenium compounds were determined. As expected, they show a
wide range of values (Table 1).

O IM CH,CH,SeCH,CH, N 0 N CH,CH,SeCH, CH, N

MOSE DMSE

cT^N C H 7 C H , C H , S E C H , C H , C H , N~b
>—' ' ' ' l i t , ,

MOSE-P

\_H CH2CH2SoCH2CH2 I N CH2CH2SeCH2CH2 N

Fig. 1 Chemical structures of "Se-labekd tertiary ditmines.

TABLE!

Dissociation Constants for Selenium Tertiary Diamines at 37°C

MOSE MOSE-P PIPSE DMSE DIPSE*

pK, 5.61 6.37 8.07 7.77 6.69
pK2 6.56 7.22 9.11 8.85 8.07

'Fifty percent dioxanc as the solvent.

The essence of the "pH shift" phenomenon is the change in lipid solu-
bility with pH. This is best determined in vitro by measuring the partition
coefficient-vs.-pH profile. Figure 2 shows profiles for the above
7SSe-labeled compounds determined with a l-octanol-buffer system at pH
6.0 to 8.0. These profiles are a reflection of the pK values and the inherent
lipid solubility of the neutral molecules. Equation 5 can be used to calcu-
late the partition coefficient-vs.-pH profiles. The calculated and experi-
mentally determined values for two of these compounds, MOSE and
PIPSE, are shown in Fig. 3. There is good agreement between the
predicted and the measured lipid solubilities at all pH's. The protein bind-
ing of the 75Se compounds is shown in Table 2. It ranges from 80 to 93%
free of protein binding.
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Fig. 2 Partition coefflcient-pH profiles of 15Se-labeled tertiary diamiaes.

8.0

Experimental Calculated pK1 pK,
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TABLE 2

Protein-Binding Study of 75Se-Labeled Compounds*

MOSE-P

84.9

MOSE

80.6

PIPSE

92.9

DIPSE

85.3

DMSE

89.6

•Percent free of protein binding.

Fig. 4 Uptake of 75Se PIPSE into
buffered red Mood cells at different
pH's across the cell membrane (in,
•ntrgcellular; oat, extracellular).

0.1 0.2
.'.|iH lOut In)

Using buffered red cells as a model system, we have shown that the
concentration gradient of 75Se-PIPSE across the cell membrane depends
on the difference between the extracellular and the intracellular pH. The
data are shown in Fig. 4. The pH gradient was calculated from Donnan
membrane equilibrium (Duhm, 1971). The PIPSE intracellular-to-
extracellular ratios are very close to those expected from Eq. 6, except at
the highest pH difference where the ratio is somewhat higher than
predicted.

Figure 5 shows the brain uptake of the various tertiary diamines. The
initial uptake at 2 min after injection is related to lipid solubility (parti-
tion coefficient) at pH 7.4. The brain retention at later time periods is a
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0.1

TIME, hr •-

Fig. S Braia uptake of "Se-tabeted tertiary dtunincs ia rats.

function of the ratio of partition coefficients at pH 7.4 and 7.0. Com-
pounds with a higher ratio, such as DIPSE and PIPSE, exhibit prolonged
retention in brain. The opposite is true for MOSE and MOSE-P where the
washout from brain is more rapid. Table 3 shows the distribution of
MOSE-P in various organs from 2 min to 6 hr after intravenous injection.
Brain uptake of MOSE in a monkey was 3.7% at 2 hr, and SPECT
images showed aa anatomical distribution closely resembling the published
images of 18F deoxygluccse and I3IJ ammonia in humans (Kung and Blau,
1980a).

The brain-to-blood concentration ratios shown in Table 2 are higher
than those predicted from Eq. 6. To investigate the possibility shat a
specific amine transport or binding mechanism is involved in the high
brain uptake, the effect of blocking doses of PIPSE and MOSE on brain
uptake was studied. The results are given in Table 4. It is clear that, over
a concentration range of 100-fold, there is no decrease in brain uptake. In
fact, uptake may be slightly increased at lower specific activity. It is
unlikely that specific transport mechanisms or binding sites are responsible
for the brain uptake of these compounds.
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T A B L E S

Distribution of 75Se MOSE and MOSE-P in Rats*

Organ

Blood
Lungs
Liver
Brain
Brain ; bloodt

Blood
Lungs
Liver
Brain
Brain : bloodt

2 * U

3.13
2.77

18.3
3.19

U.I

2.08
7.95
8.63
3.29

17.3

30 aria

MOSE

2.82
1.79

23.3
1.53
5.9

MOSE-P

1.61
2.05

17.0
4.21

28.6

'Percent dose per organ; average of three rats.

tPercent dose per gram in brain

Ikr

2.61

29.9
1.19
4.99

2.20
1.28

19.4
2.64

13.1

2kr

2.46
0.94

21.7
0.56
2.49

3.03
1.48

29.0
2.72
9.82

6kr

0.61

4.38
0.10
1.79

1.93
0.68

16.3
1.17
9.64

Percent dose per gram in blood

TABLE 4

Effect of Specific Activity on Brain Uptake in Rats*

Compooad

MOSE
PIPSE

Carrier level «g /k B bo*y weight

1 0.1

2.23 1.73
1.22 1.22

0.01

1.62
1.01

"Percent dose in brain 30 min after intravenous injection.

Regional distribution of 75Ss-labeled MOSE-P in the brain of rats at
2 min and 1 hr after intravenous injection was determined by autoradio-
graphic techniques (Fig. 6). The distribution clearly shows a specific
retention pattern, high in gray matter and log in white matter, which is
similar but not identical to that of I4C deoxyglucose.

Carbon-14 deoxyglucose shows high focal uptake in seizure areas after
local application of penicillin (Kennedy, 1975). Figure 7 shows a similar
pattern of focal uptake with 7SSe MOSE-P under similar conditions.
Autoradiography of normal or abnormal rat brain appeared to be a practi-
cal model to verify the potential of the proposed agents as radiopharma-
ceuticals for SPECT.
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(a)

(W

Fig. 6 Autonriiographs of aonul nt bnios wilt 75Se-MOSE-P. (i) At
2 mil; (b) At 1 far.

IODINE- 123-LABELED COMPOUNDS

In addition to the 75Se-labeled amines for brain imaging, a series of
radioactive iodine labeled amines were prepared. The general structure of
these compounds is shown in Fig. 8. In these molecules iodine is bound Jo
a benzene ring which is more stable than iodine bound to an alkyl chain.
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Fig. 7 A(i!or*diogr»phs of brains of epileptic rats. («> 7SSe-MO5E-P;
(b) I4C-DG.

The hydroxyl group on the benzene ring activates the iodine and makes it
readily exchangeable under mild reaction conditions. For nsimal studies
I25I was used as the label because it has a long physical half-life of
120 days, but the photons of 125I (energy, 30 keV) are not suitable for
external imaging. However, for human studies another radionuclide, I23I,
which has a short half-life of 13 hr and ideal gamma energy (159 keV)
for imaging, would be used.

A series of these compounds was prepared by condensing 2-hydroxy-
5-iodo-benzaldehyde with N,N-dimethyl-!,3-propyldiamine (and its deriva-
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HIPD CH-, H

HIPDM CH3 CH3

CH2CHNHCH2

Fif. 8 Chearical itractat* of
kdtae iHaafae* (HIPD, HIPDM)
wkict we k»c fttfiitt amt of IMP
oktabwd fraa MetH-Pfcysks, U c

Fig. 9 Syafkesb of rhg nlkyl
iodosteaol dbaiacs-

OH

OH

HoAc

OH 0

N-(CH2ln-N<R

tives) and reducing the product with sodium borohydride (Fig. 9). This
general scheme of reaction can be applied to prepare a large number of
diamines with different groups substituted on either the nitrogens or the
benzene ring. Therefore it is possible to change the pKa's of this type of
molecule.

Radioactive labeling with iodine was achieved by heating a mixture of
the cold compound and radioactive sodium iodide (125I, !3II, or 123I) at
I00°C for 15 min. The labeling yield was >95% (Fig. 10). This simple
procedure is amenable to a kit preparation and is suitable for clinical
applications.

Table 5 shows the partition coefficient-vs.-pH profiles for two of these
phenolic compounds as well as the iodoamphetamine derivative, IMP
(Winchell, Baldwin, and Lin, 1980; Winchell et al., 1980). These profiles
are similar to those for the selenium compounds except that the overall
lipid solubility is somewhat higher.

Of the iodine com]x>unds tested, the one with the highest brain uptake
was N,N,N'-trimethyl-N'-[2-hydroxy-3-methyl-5-iodobenzyl]-l, 3-propane-
diamine (HIPDM). Table 6 shows the distribution of 123I HIPDM in rats
at 2 min to 1 hr after intravenous injection. For comparison the rats were
simultaneously injected with 12SI IMP (provided by Medi-Physics, Inc.).
The brain uptake and tissue distribution were remarkably similar for the
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Fig. 10 Radioactive iodine exchange reaction. Radiochemical yfcM, >!*% top-
ically 98 to 99%).

TABLE 5

Partition Coefficient of Radioiodine-Labeled
HIPD, HIPDM, and IMP

pH

6.0
6.5
7.0
7.4

7.5
7.8
8.0

HIPD

0.85
0.77
3.77

16.71

20.24
47.06
83.16

HIPDM

2.08
9.58

42.28
150.03

160.66
299.7
415.7

IMP

4.12
7.18

16.60
44.54

51.44
93.47

152.95

TABLE 6

Biodistribution of '"I-HIPDM and 1MI-IMP in Rats*
(Dual Isotope Study)

Organ

Blood
Lungs
Liver

Brain
Thyroid
Brain : bloodt

IMP

4.75
29.8
5.92

2.64
0.18
6.08

Time, 2 min

HIPDM

2.02
36.3
5.56

2.74
0.18

14.84

•Percent dose per organ, average of three rats.

t Percent dose per gram in brain

BvIP

2.94
11.1
8.19

2.34
0.09
8.71

Time, 1 hr

HIPDM

0.85
17.8
4.68

2.50
0.06

32.18

Percent dose per gram in blood
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two compounds. The rapid exchange labeling makes HIPDM the com-
pound of choice for routine clinical applications with !23I.

SUMMARY

We have prepared a series of iodine-labeled diamines that have high
uptake and retention in brain. These compounds can be labeled in 15 min
under mild conditions and should be suitable for routine clinical use with
123I for brain perfusion studies.
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ABSTRACT

Ultrashort-lived radionuclides offer many advantages Tor clinical nuclear medicine. These
radionuclides are generator-produced at bedside, with markedly diminished radiation exposure
to the patient; larger doses of radionuclides can therefore be administered, and rapid, sequen-
tial, background-free studies can be performed. Furthermore, they offer the possibility of
multiple, simultaneous radioouclide studies. Gold-195m is an example oi an ultrashort-lived
radionuclide with a half-life of 30.4 sec. It is generated from "!"Hg (TH, 40.6 hr). The qual-
ity of imaging and radiation exposure to patients is a function of the percentage breakthrough
of "5mHg owing to high-energy gamma radiation and longer half-life. Percentage break-
through of "s"Hg was measured and found to be 1.1 ± 0 . 2 »»Ci/mCi of "5°Au. The per-
formance of the generator was assessed by determining the coefficient of variation of subse-
quent measurements, which was 2.5% ± 0.3. The counting efficiency for 20 mCi of "s"Au
with a digital camera was 41,000 counts per second ± 3,700, and 54,000 counts per second
± 3,900 for 15 mCi of T c .

Short-lived single-photon radionuclides have been a foremost need of clini-
cal nuclear medicine. Kryrton-81m, a noble gas, with a half-life of 13 sec,
was described by Kaplan and Colombetti in 197S (Mayron et al., 197S;
Kaplan and Mayron, 197S) and used in clinical cardiac studies by Jengo
et al. in 1978 to demonstrate a high reproducibility of left ventricular
ejection fraction measurements by a single-pass technique after left atrial
injection of the tracer. The fullest advantage offered by the possibility of
rapid, frequent sequential injections of the radiotracer had been achieved
in man.

Single-photon generator radionuclides are produced by the transmuta-
tion of a parent e'eaient during the process of decay. A long-lived element,

334
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the parent, yields a short-lived radionuclide, a daughter. The advantages of
this radiochemical reaction are: (1) Short-lived radionuclides are produced
at bedside. (2) Human use of these short-lived radionuclides limits the
radiation exposure, for the most part to the time of measurement only,
thus reducing significantly the radiation exposure per millicurie to the
patient. (3) Because radiation . .posure is substantially reduced, a higher
dose of radionuclides can be injected. This has become particularly advan-
tageous since the development of digital cameras that can detect as much
as 140,000 to 150,000 counts/sec without significant coincidence losses.
(4) The low radiation exposure and rapid decay make frequent sequential
injections of the radionuclide possible.

Clinical work with 8lmKr has been limited primarily to ventilation lung
scans. Iridium-191m (half-life, 4.9 sec), generated from l91mOs, has been
developed by Treves et al. (1981) for detection of heart shunts in children.
Gold-195m, introduced in the United States by Mena and associates (Gar-
cia et al., 1981; Mena et al., 1982), decays with a half-life of 30.4 sec,
emitting gamma rays at 262-keV energy (Table 1).

Optimal imaging of I95niAu (262 keV) requires that it be relatively free
of the high-energy contaminations of l95mHg (560 keV) and also of l95Hg
having energy ranges up to 1.171 MeV and a half-life of 9.5 hr. These
are contaminants that may appear in the eluate of 195mHg-»195A.u genera-
tors. The radiation from 195mAu is as follows: heart, 0.78 mrad/mCi and
kidneys, 0.16 mrad/mCi. Exposure from 195mHg is a function of the frac-
tional leakage from the generator, and therefore for 20 mCi of 195mAu,
with 1.1 MCI of 195mHg per 1 mCi of l95lDAu, an absorbed radiation dose of
240 mrads to the kidneys, or 1.5 rads to the kidneys after six consecutive
injections, is delivered.

This paper reports findings of 195mHg leakage, reproducibility of the
l95mAu concentration in subsequent elutions, and maximal total-field activ-
ity observed in patients after a bolus injection of 20 mCi of l95mAu.

METHOD

We eluted ten 195mAu generators with 2.5 ml of eluting folution, which
consisted of an aqueous solution of sodium thiosulfate (29.8 g °/oo) and
sodium nitrate (10 g °/oo)- We flushed the generator sequentially once
every 3 niin during ten subsequent dilutions. Immediately upon the last
elution, we diluted the eluate in 1000 ml and counted a 1-ml aliquot in a
spectrometer well counter for 260-keV energy, with a 10% window. We
performed sequential 6-sec counts every 30 sec and continued for 7 min.
At 7 min, a 1-min count was gathered. A semilogarithmic plot of the
results, expressed in counts per 6 sec, was extrapolated to zero time, and
the half-life was calculated. We expressed the net counts at 7 min as a
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TABLE 1

)5™Hg (41.6 hr)

Electron
capture

46%

" !mAu (30.4 sec)

lsomeric
transition

54%

" sHg (9.5 hr)

"Au

"Pt

Principal Cuua-Ray Eainioas

Atoducc, %

Mercury-195m

Gold-195m

32.6
2.3
7.5

68.0

, kcV

262
388
560
262

fraction of the calculated zero-time counts. These counts, at 7 min, are
considered to be originating from l95mHg. This radionuclide decays by
gamma ray;, at 262 keV (32% abundance) while 195mAu decays 68% of
the same time at the same energy; therefore we applied the necessary
corrections to the calculation of concentration of 195lnHg in the eluate. We
performed on-Iiine determinations of reproducibility of the l95lDAu elution
by means of a sodium iodide (1 in. by Vi in.) detector that was heavily
shielded with a I-cm opening in the collimator. This collimator was placed,
at 20 cm from the outlet of the generator, on a line connected to the
intravenous line of the patient. We performed 3-sec counts immediately
after elution and before injection into the patient. We recorded 81 sequen-
tial measurem«nts, which corresponded to studies performed in 16 patients.

In 16 patients we monitored intravenous bolus injections of 195mAu
with an Apex 400 Elscint Ltd. digital camera with a 260-keV
high-sensitivity collimator. This camera is interfaced to a SIMIS-5 Infor-
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matek computer. We recorded maximal total counts per second of total
field activity immediately after an intravenous bolus injection detected in
the right anterior oblique (RAO) projection,

RESULTS

1. Contamination of l95mHg in eluates of the l95mHg— I95mAu genera-
tor. When we measured 195raHg in the eluate of 10 generators of l9ImAu
during the first days, in 53 measurements the contamination of l95mHg
was 1.1 ± 0.2 fiG/md of 195mAu. These are very satisfactory results.

2. Reproducibility of the elution of the l95mAu generator in 81 sequen-
tial measurements. The coefficient of variation of the amount of l95mAu in
the eluates was 2.5 ± 0.3%, which is an excellent coefficient of variation
which may nevertheless be the result of inaccuracies in the actual
volumetric measurement of the eluting solution performed with 3-ml
syringes.

3. Relative counting efficiency of 20 mCi of l95mAu injected
intravenously as a bolus. In 16 patients maximal count rates achieved with
this dose were 41,000 counts/sec ± 3,700, which compares with results
from 15 mCi of 99mTc of 54,000 counts/sec ± 3,900. (For 20 mCi,
—70,000 counts.)

CONCLUSION

The experimental and clinical evaluation of the 195mAu generator has
proven its feasibility and its potential for significant usefulness. The leak-
age of approximately 1 itCi of 195mHg per millicurie of l95nIAu represents
approximately 20 ftd of 195mHg per elution. The dose from an administra-
tion of 20 mCi of 195mAu is 240 mrads to the kidneys. Therefore studies
consisting of six to eight sequential injections of IMmAu, or a single dose of
15 mCi of 99mTc, will produce a similar exposure in the patient. Reduction
of radiation exposure by 85% is particularly important in pediatric nuclear
cardiology. The critical organ becomes the vein of the injection site, which
should be receiving approximately 100 mrads per injection. The reproduci-
bility studies of elution of the 195mAu generator show a highly stable yield
generator that guarantees good reproducibility of clinical results. The
count rates achieved with 20 mCi of 1S9mAu should encourage further
work in achieving better yields of I95mAu for these generators since
present-day digital cameras can handle count rates of 95,000 counts/sec
at 260-keV energy, working with a 30% window and a 20% coincidence
loss. Maximal count rates of 45,000 counts/sec total field arc optimal for
measurements of first-pass left ventriculography. In addition, a high yield
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would permit a longer use of the generator, i.e., 2 to 3 days, which is an
important economic consideration.

Frequent injections of the radionuclide, as often as every 3 rain, are of
clinical importance, because they allow one to gather biplane single-pass
ventriculography at different stages of exercise and to perform different
pharmacological maneuvers, such as changing the preload and afterload of
the ventricle and studying the sequences thereof.
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ABSTRACT

Two derivatives of 16a-bromoestradiol, both with and without an 110-methoxy subslituent,
have been labeled with bromine-77 and evaluated as potential breast tumor imaging agents.
Extensive characterization of these radiotr&cers in animal models has demonstrated their
effective concentration in estrogen target tissues. Preliminary clinical studies have demon-
strated the potential of radioiabeled estrogens for breast tumor imaging; however, the subop-
timal decay properties of bromine-77 limit the utility of these agents in imaging studies.
These results with "Br-labeled estrogens suggest that estrogen derivatives labeled with other
radionuclides (i.e., 75Br, "F, and '"I) should provide enhanced image resolution with various
imaging devices. Although the decay characteristics of brominc-77 are such that it is not ide-
ally suited to imaging with conventional gamma cameras, it may be a useful radionuclide for
therapeutic applications. Studies demonstrating the effectiveness of DNA-incorporaied Auger
electron emitters such as bromine-77 and iodine-125 suggest that compounds such as
5-bromo-2'-deoxyuridine, esfxogens, or antibodies labeled with bromine-77 may be useful for
tumor therapy.

In recent years there has been a great deal of interest ki the development
of estrogen receptor-binding radnpharmaceuticals useful for the imaging
of estrogen target tissues, such as breast tumors positive for estrogen
receptors (Allegra et al, 1979; Thompson and Lippman, 1979). Approxi-
mately two-thirds of all primary and metastatic breast cancer lesions con-
tain significant levels of estrogen receptors. As summarized in Table 1,
the levels of estrogen receptors present in a given breast cancer lesion pro-
vide a good indication of the likelihood of success of hormonal therapy for
that tumor.

There are several chemical and biochemical characteristics required of
a radioiabeled estrogen suitable for use as a breast tumor imaging agent in
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TABLE 1

Relationship Between the Estrogen
Receptor Content of Human Breast

Tumors and the Success of
Hormonal Therapy*

Receptor content, Percent
fmole/mg response

<3 6
3 to 100 46

100 to 300 81

•Derived from McGuire et si., 1978.

humans. These requirements, which have been outlined in detail elsewhere
(Katzenelienbogen et ai., 1982b), can be summarized as follows: (1) high
specific activity <>1000 Ci/mmole), (2) high affinity for estrogen recep-
tor, (3) low affinity for all nonreceptor-binding sites, and (4) high chemi-
cal and metabolic stability.

Several halogen radionuclides are potentially useful labels for estrogen
receptor-binding radiotracers; the decay properties of these nuclides are
summarized in Table 2. Bromine-75 has a 95.5-min half-life and decays
predominantly by positron emission; as such, this radionuclide can be used
in conjunction with positron emission tomography. Bromine-75, however,
is not conveniently produced by most of the medical school compact cyclo-
trons, and so has not received widespread application as an estrogen
radiolabel. Broraine-77 has a 57-hr half-life and decays >99% by electron
capture. Although the decay characteristics of bromine-77 are suboptimal
for nuclear medicine imaging studies, it is a reasonable "model" nuclide to
evaluate the potential of estrogen receptor-binding radiopharmaceuticals
since it is produced in large quantities by spallation at Los Alamos
National Laboratory (Grant et al., 1981). Fluorine-18 and iodine-123 arc
also potentially useful as labels for estrogen receptor-bind'ng radiotracers,
and further research in this field will undoubtedly be focused in these
directions.

We have studied a series of steroidal and nonsteroidal estrogens with
the structures shown in Fig. 1. The 16a-bromoestradiol derivatives, both
with and without an 11/9-methoxy substituent, have been labeled with bro-
mine-77 and evaluated as potential breast tumor imaging agents. In addi-
tion, we havs begun investigations on a series of halohexestrols and halo-
norhexestrols labeled with nuclides of iodine, bromine, and fluorine.

The majority of our work to date has been with the 16a-bromoestradiol
derivatives, which are synthesized according to the reaction scheme shown
in Fig. 2; details of the synthetic methodology have been described else-
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TABLE 2

Decay Properties of Potentially Useful Estrogen Radiolaiwls*

341

Half-life
Decay mode, %

Positron emission (0 )
Electron capture (EC)

Energies of main
gamma lines, keV
(abundances, %)

Whole-body radiation
dose,trads/mCi

75Br

95.5 min

76
24

286 (92)
511 (153)

0.078

77Br

57.0 hr

0.7
99.3

239 (23)
250(3)
297 (4)
521 (22)
579(3)
775 (2)

0.281

18F

110 min

96.9
3.1

511 (194)

0.020

123!

13.0 hf

100

159(83)

0.013

•Lederer and Shirley, 1978. tWeinreich et al., 1979.

where (Katzenellenbogen et al., 1981; Senderoff et al., 1982). The estrone
enoldiacetate (either with or without the 11/8-methoxy substituent) is
brominated by using premixed hydrogen peroxide-acetic ack! as the oxi-
dant. The radiobrominated intermediate is then reduced with lithium alu-
minum hydride to yield a mixture of epimeric bromoestradiols, which are
separated via high-performance liquid chromaiography. The desired 17/9
epimer is obtained in high radiochemical purity with an overall radiochem-
ical yield of 40 to 55%. The effective specific activities of the 77Br-labeled
16a-bromoestradiols are measured by Scatchard analysis in comparison
with the in vitro binding of (3H)-estradiol of known specific activity to
estrogen receptor in lamb uterine cytosol (Senderoff et a!., 1982). Typical
values obtained for the specific activities of both 16a-[77Br]bromoestradiol
and ll|S-methoxy-16i*-[77Br]bromoestradiol are 1000 to 2000 Ci/mmole,
which meet the requirement mentioned above.

These radiobrominated estrogens have been evaluated in two animal
modelb in rats, (1) uterine uptake in immature female Sprague-Dawley
rats and (2) tumor and uterine uptake in mature female Sprague-Dawley
rats bearing DMBA-induced mammary adenocarcinoma. Figure 3 illus-
trates the tissue distribution of 16a-[77Br]bromoestradiol in immature rats
1 hr after intravenous injection of 20 ?*Ci of the radioiabcieO estrogen
(Katzenellenbogen et al., 1981). The enhanced uptake of the
(6o;-[77Br]bromoestradioi in the uterus is depressed upon coinjection of
15 fig of unlabeled estradiol, which indicates that the uptake is indeed
receptor mediated. The tissue distribution of U|8-methoxy-
16a-[77Br]bromoestradiol in immature rats is similar to that shown in
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(R • H, OCH3I
16u-Bromoestradiols

IX ' F,Br, I)
1 Hdlohexestrols

(X - F. Br, 1)
1 - Halonorhexestrols

Fig. 1 Structures of natogenated estrogens evaluated as potential estrogen
receptor- binding radiopkamiaceatkab.

OAc

Fig. 2 Reaction scheme for the synthesis of 77Br-iabele<' 16a-brom>estniUob.

Fig. 3. Figure 4 is a comparison of the uterine uptake of the two
radiobrominated estrogens (Katzenellenbogen et al., 1982a). The
11/8-inethoxy-substituted derivative is taken up to a greater degree by the
uterus and is also retained to a much larger extent, which suggests that it
may be a more useful agent for breast tumor imag' ig. The tissue distribu-
tion 1 hr after injection of 20 to 150 ,- r\ of 16a-[77Br]bromoestradiol in
mature rats bearing DMBA-induced mammary tumors is shown in Fig. 5
(Katzenellenbogen et al., 1981). As illustrated in this graph, the
77Br-labeled estradiol is concentrated in the uteri and mammary tumors;
this increased uptake is again depressed in the presence of unlabeled estra-
diol, confirming its receptor-mediated nature.

We have also successfully imaged DMBA-induced mammary tumors in
rats by using both of the aforementioned radiobrominated estrogens. Fig-
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Fig. 3 Tissue distribution of 16a-!77Br]bforooestnidioi in immature
Sprague-Dawley female rats: mean aid range for five rats injected htrareaously
with 20 lid of labeled estrogei with and without IS Mg of unlabded estradiol,
and sacrificed 1 hr after injection.

ure 6 shows scintillation images obtained using a high-energy pinhole col-
limator 30 min after injeciion of 200 jiCi of 16a-[77Br]bromoestradiol and
after surgical removal of a tumor in the right flank region.

The biodistribution of these 71Br-labeled estrogens in rats has been
used in conjunction with the MIRD tables (Snyder et al., 1975) to yield
the estimated radiation absorbed doses to a human (Table 3). These cal-
culations suggest that the intestines, which serve as the primary conduit
for excretion of estrogens, are the critical organs.

Eight patients, four with primary breast cancer and four with meta-
static lesions, were imaged after injection of 16a-[77Br]bromoestradiol.
The results of these preliminary clinical studies are summarized in
Table 4. Both patients who had metastatic lesions and were on antiestro-
gen therapy had negative scan results; one abnormal image was obtained
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Fig. 4 Tune course of uterine utility after administration of 130-methoxy-
16o-("Brlbroinoeslr«dlo) (1 tf-OMe-Kia-Br-E,) or KSa-PBrJbroraoestradiol
(16a-Br-E2) to immature rets. , data from animab that received a chase
dose of imlabekd estradiol (Kj) at 1 hr.

in a patient with chest-wall metastases from an estrogen receptor-positive
primary tumor; and three abnormal scans were observed . patients with
primary breast carcinomas, two of which were biopsied ana found to be
estrogen receptor-positive. No uptake of the labeled estrogen was seen in
the single estrogen receptor-negative primary tumor. Figure 7 shows a
scintillation image obtained from patient 6 1 hr after administration of
4.3 mCi of 16a-[77Br]bromoestradiol. Thii patient had metastatic carci-
noma in an axillary lymph node, which was removed for biopsy, and local
recurrence in the left chest wall. The area of increased uptake indicated
by the arrow most likely corresponds to these metastatic lesions; the activ-
ity in the lower portion of the image is in the liver and gallbladder.

We have also carried out an in vivo comparison of the two 77Br-labeled
estradiol derivatives to the l25I-labeled analog that has recently been stud-
ied by several other researchers (Hochberg, 1979; Hochberg and Rosner,
1980; Gatley et al., 1981) to investigate the potential of
16a-[l23I]iodoestradiol as a breast tumor imaging agent (McElvany et al.,
1982a). Figure 8 shows the ratios of uterine uptake of
16a-[77Br]bromoestradiol and ll/8-methoxy-16a-[77BrJbromoestradiol to
the 16a-[l2sI]iodoestradiol at various times after injection. Each animal
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Fig. 5 Tissue distribution of :i6o-l71BrIbr(imoestradioJ in mature
Sprague-Dswley female rats bearing DMISA-induced mammary tumors: mean
and range for four rats injected intravenously with 20 to ISO n& of labeled
estrogen, with and without IS pg of unlaibeled estradicl, and sacrificed 1 hr
after injection.

was administered 16a-[125l]iodoestradiol and one of the radiobrominated
derivatives simultaneously to avoid discrepancies arising from interanimal
comparisons. The uterine uptake is expressed as the uterus-to-blood ratio,
uterus-to-nontarget-tissue (the mean of esophagus, muscle, spleen, and
lung) ratio, and the percent of injected dose per gram of uterus. Although
the iodinated compound has slightly higher uterine uptake at 1 hr, the
l6a-[77Br]bromoestradiol has significantly enhanced uptake at later times.
The enhanced uptake of 1 lj8-methoxy-16a-[77Br]bromoestradiol compared
to the iodoestradiol is also evident from these data. These r-sults suggest
that both radioiodinated and radiobrominated estradiol derivatives could
be used for imaging estrogen receptor-positive breast tumors. Iodine-
123-labeled e&tradiols would have certain advantages for human breast
tumor imaging as compared with the 77Br-labeled analogs: the decay
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Fig. 6 Sci«till»fio« images i t 30 Bin after lajectio* of 200 nCl of
16«-TBr)bro»wsl«<liol (left) mad after surgical femoral of tnaor (rijM) of
mature female Sprague-Dawley rats beariag DMBA-iadnced summary adeoo-
carcinoma.

TABLE 3

Human Radiation Absorbed Doses for "Br-Labeled Estrogens*

Dot,n4/mO

Target orgaa leW^BriBroaoestradiol ifxt-TBribtomoestniici

Stomach
Small intestine
Upper large intestine
Lower large intestine

Kidneys
Liver
Lungs
Ovaries

Spleen
Uterus
Whole body

0.08
0.25
0.34
0.43

0.05
0.07
0.01
0.02

0.03
0.17
0.03

0.13
0.52
0.87
0.25

0.11
0.08
0.02
0.31

0.06
0.22
0.05

'Katzencllenbogen et al., 1981; McElvany et al., 1982b.
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TABLE 4

Summary of Studies in Patients with Breast Cancer*

Patient
No.

1
2
3
4
C
J

6

7
8

Diagnosis

Bone metastases
Primary tumor
Bone and lung metastases
Primary tumor

Axillary lymph node metastases
Chest wall and bone metasteses

Primary tumor
Primary tumor

Estrogen
receptor
assayt

NDJ
NDt

-r

Scan Comment

Tamoxifen therapy

Tamoxifen therapy

+ Uptake in chest wall
lesion, but not in
bone lesions

•McElvany et al., 1982b.
tEstrogen-receptor assay carried out by Surgical Pathology Department, Jewish

Hospital of St. Louis. Specimens showing saturabie binding of ?IO fmole per milli-
gram of cytosol protein are defined as estrogen receptor-positive.

$Not determined.

Fig. 7 Posterior scintillation image of chest and upper tMoaem of a patient
with metasUtic mammary carcinoma of the left chest wtll. Arrow indicates
uptake of tracer in tumor.
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Fig. 8 Comparison of uterine uptake (a) of Ifor-pBrJbromoestradiol and (b) of
n/S-melboxy-lfta-pBtlbromoestradiol with that of 16a-|123I)iodoeslradJol. • .
percent injected dose per gram of tissue. D, ratio of uterus to non-
target. A, ratio of uterus to blood.

characteristics of iodine-!23 make it more suitable for imaging with stan-
dard gamma cameras, and the shorter half-life of the iodine would permit
administration of a larger amount to a patient for an equivalent radiation
absorbed dose. However, the synthesis of 16a-['25I]iodoestradiol (Hoch-
berg, 1979; Hochberg and Rosner, 1980) requires a 24-hr reaction time
and so would not be readily applicable to use with iodine-123. Also, the
method that we have used to synthesize the 77Br-labeled estradiols would
be unsuitable in its present form to the preparation of an 123I-labeled com-
pound, since the iodine would be lost in the reduction step.

The results of our studies with radiohalogenated estrogen receptor-
binding radiotracers suggest that estradiol derivatives labeled in the
16a-position with nuclides such as bromine-77, bromine-75, or iodine-123
might provide a noninvasive means for obtaining the following information:
(1) estrogen dependency of primary breast tumor, (2) location of other
preemergent lesions in the uninvolved breast, (3) estimation of the degree
of invasion of the axillary lymph nodes, and (4) early detection of location
and estrogen dependency of metastatic tumors.

Although the decay characteristics of bromine-77 are such that the
nuclide is not ideally suited to imaging with conventional gamma cameras,
it may be a useful radionuclide for therapeutic applications. The radioiox-
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icity of bromine-77 has recently been compared to that of another Auger
electron emitter, iodine-125 (Kassis et a!., 1982). Theoretical calculations
to determine th* energy deposited in a 10-A sphere around these nuclides
suggest that iodine-125 deposits 335 eV compared to 100 eV for bro-
mine-77. We have introduced bromine-77 into the DNA of V79 Chinese
hamster lung cells in the form of 5-bromo-2'-deoxyuridine (77BrUdR),
which is a thymidine analog. Substitution of a bromine in place of the
methyl group of thymidine produces 5-bromodeoxyuridine. Since the
methyl group and bromine have similar Van der Waals radii (2.00 and
1.95 A, respectively), these two compounds are almost identical sterically
and display comparable biological behavior. Uptake of 77BrUdR into the
cells is proportional to its concentration in the incubation medium; Na77Br
remains extracellular at all concentrations. The 77BrUdR was found to be
quite radiotoxic; the cell-survival curve has no detectable shoulder (which
indicates irreparable damage) and a D37 value of 0.13 pCi/cell (Kassis et
al., 1982). The D37 values of 12SIUdR and 3HTdR are 0.037 and 1.64
pCi/cell, respectively. These data emphasize the effectiveness of DNA-
incorporated Augtr electron emitters such as bromine-77 and iodine-125
as cytotoxic agents. Bloomer and Adelstein (1977) have previously
demonstrated the effectiveness of 125IUdR as a tumor therapy agent. The
high toxicity of bromine-77, its shorter haif-life (57 hr vs. 60 days for
iodine-125), higher theoretical specific activity (54,800 Ci/mmole vs.
2,170 Ci/mmole for iodine-125), and lack of thyroid uptake of bromide
suggest that 77BrUdR may be better suited as a potential agent for cancer
radiotherapy.

The results we have obtained using 77Br-labeled bromoestradiol deriva-
tives for imaging estrogen receptor-positive breast tumors are encouraging;
the decay properties of the nuclide, however, are not ideal, and hence the
image quality is relatively poor. On the other hand, bromine-77-labeled
compounds such as 5-bromo-2'-deoxyuridine, labeled estrogens, or labeled
antibodies may be useful for tumor therapy applications. Also, estrogen
derivatives labeled with other radionuclides (i.e., fluorine-18, bromii.~-75,
or iodine-123), which would provide enhanced image resolution with vari-
ous imaging devices, are an encouraging extension of this work.
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ABSTRACT

A great many proteins are available to serve as molecular substrates suitable for investigation
of normal and diseased states. These proteins, labeled with the appropriate radioisotope of
iodine, can be used for immunoassays, imaging, and systemic radiotherapy. We describe 12
years experience using coagulation proteins for the investigation of cancer, venous thrombosis,
renal transplant rejection, and other coagulopathies. Scintigraphy with '"1-fibrinogen and
immunoassays for circulating antigens such as fibrinopeptide A appear to be promising diag-
nostic, as well as investigative, tools. More recently, monoclonal antibodies and their frag-
ments have been explored for similar purposes.

Twelve years ago we became intrigued by the increasing and abundant evi-
dence of an intimate association between the coagulation process and the
development and spread of cancer (Fisher and Fisher, 1967; Ketcham
et al., 1971; Laki, Tyler, and Yancey, 1966; Lyman et al., 1978; Peterson
and Zettergren, 1970). Seven items of such evidence are as follows:

• Localization of fibrinogen and fibrin(ogen) antibodies in
cancers of rodents, dogs, and humans.

° Frequency of overt and occult coagulopathies in patients with
cancer.

* Apparent essential role of microthrombus formation at sites
of development of metastases.

351
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• Intimate association of fibrinolytio activity with oncogenic
transformation in cell culture.

• Increased thromboplastic activity in all cancers.
• Increased fibrinolytic activity in most cancers.
• Alterations in the incidence and number of metastases by

treatment with anticoagulants, fibrinolytic, or antifibrinolytic
agents.

Evidence by photomicrography of microthrombus formation at the sites of
cancer cell lodgment, prior to formation of metastases, seemed to point to
a fundamental relationship between the coagulation process and cancer
(Wood, 1958). These observations seemed to nrovide a basis for reports by
Day and associates (1959) and Spar (Spar et al., 1960; Spar, Goodland,
and Bale, 1959) of localization of 13lI-fibrinogen and fibrin(ogen)
niI-antibodies in transplantable animal cancers, as well as spontaneous
cancers in dogs and patients. These investigators and others attempted to
use l31I-fibrinogen and fibrin(ogen) 13lI-antibodies for treatment or detec-
tion by scintigraphy of human cancer (Hisada et al., 1968; Monasterio,
Becchini, and Riccioni, 1959; Riccioni, 1969; Spar et al., 1967). Although
the results were promising, they were not adequate for general clinical
applicability.

This information led us to pursue the use of radiolabeled coagulation
proteins as vehicles for the investigation of cancer, as well as potential
methods for its diagnosis and treatment. In addition to the impressive evi-
dence of the importance of the relationship between the coagulation pro-
cess and cancer, we felt that the poor nuclear decay properties of 13II for
diagnostic in vivo studies were a source of the less successful clinical
results. Iodine-123, which had been proposed as a preferred substitute for
iodine-131 as a diagnostic imaging radionuclide (G. DeNardo et al.,
1977b; also paper in this volume, p. 25; Myers and Anger, 1962; Well-
man and Anger, 1971),. promised better results. Furthermore, we believed
that the other coagulation proteins, as well as the proteins which result
from degradation of fibrinogen and fibrin, had significant potential. Pur-
suit of these vehicles for the investigation, diagnosis, and treatment of can-
cer also offered opportunity for similar applications to other coagulo-
pathies, such as venous thrombosis and disseminated intravascular
coagulation, which frequently occur in patients with cancer. The purpose
of this paper is to describe our experiences with these investigations.

HISTORICAL ASPECTS OF 123I-FIBRINOGEN AT UNIVERSITY
OF CALIFORNIA, DAVIS MEDICAL CENTER (UCDMC)

When we initiated these investigations 12 years ago, there was no suit-
able commercial source of 123I or of human fibrinogen for applications in
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patients. The only commercially available I23I was expensive, impure, and
not of radiolabeiing quality (Baker et al., 1976; Colombetti and Johnston,
1976; Jungerman and I agunas-Solai, 1981). Similarly, the commercially
available human fibrinogen was associated with a significant incidence of
hepatitis in recipients and has since been withdrawn from the market. It
was necessary (1) to develop methods for the production of pure 123I and
fibrinogen and (2) to establish the methodology for coupling the I23I to the
fibrinogen in a stable fashion. Listed in Table I are the historical aspects
of the use of l23I-fibrinogen in coagulation disorders at UCDMC.

The Crocker Nuclear Laboratory (CNL) at our institution has a
medium-energy cyclotron suitable for the production of a variety of
radionuclides. This facility has a significant commitment to biomedical
applications. A unique method for production of multimillicurie amounts
of pure, labeling grade 123I was developed in 1971 (Fusco et al., 1972).
This production method has since been recognized as ideal for these pur-
poses, and the Crocker Nuclear Laboratory provides pure I23I to investiga-
tors throughout the world. Initially this radionuclide was sporadically
available, but in 1973 it was made available to us one day each week.
Currently I23I from CNL is available to us and other investigators four
days each week. With a physical half-life of 13.2 hr, a nearly monoener-
getic gamma emission of 159 keV, and the absence of paniculate emis-
sions, it is almost ideal for use with current instrumentation for in vivo
applications (G. DeNardo et al., paper in this volume, page 25; Myers
and Anger, 1962).

In 1971, localization of *I-fibrinogen in cancer was documented and
subsequently demonstrated to be an active process (G. DeNardo et al.,
1976; G. DeNardo, Krohn, and DeNardo, 1977; Krohn et al., 1977b;
Wortman et al., 1976). Human fibrinogen from selected donors was first
separated, purified, and biochemically characterized in 1972. Since that
time seven batches of fibrinogen have been prepared and demonstrated to
be biologically active, sterile, free of pyogens, and free of the hepatitis
virus. Methods for radioiodination of UCDMC human fibrinogen with
CNL iodine-123 were established in 1972 (G. DeNardo et al., 1977b);
this preparation was demonstrated in 1973 to 'v-alize in spontaneous can-
cers in animals and patients (Fig. 1)- Since that time this radiopharma-
ceutical has been applied in patients for clinical investigations as follows:

• Detection and localization of primary and metastatic cancer.
• Detection and localization of venous thrombi.
• Studies of efficacy of treatment of venous thrombi.
• Predictive value of 123I-fibrinogen scintigrsphy of venous

thrombi.
• Physiology of renal transplant rejection and other posttrans-

plant disorders.
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TABLE 1

Chronology of Use at UCDMC of mI-Fibrinogen
in Coagulation Disorders

Yew Arthity

1970 Selection of fibrinogen as initial targeting molecuit.
Election or '"I as radionuclidic tracer.
Exploration of 1M5 production methods and selection of 1I7l(p,5n) — l a Xe — '"I

method.

1971 Development of production techniques, cross sections, yields, and contaminants for
mI(p,5n).

Radioiodination of commercial dog fibrinogen with Crocker Nuclear Laboratory
(CNL) 123I, or commercial ml and I}II.

Studies of distribution of •I-fibrinogen (commercial dog preparation) in rodents.

1972 Separation, purification, and biochemical characterization of human fibrinogen from
selected donors.

Radioiodination of UCDMC human fibrinogen with CNL IOI, or commercial '"I
and "'I.

Demonstration of uptake of *I-flbrinogen (commercial dog preparation) in rodent
tumor model.

Demonstration of uptake of l23I-fibrinogen (UCDMC human) in venous thrombi in
•fogs.

1973 Demonstration of uptrke of '"I-fibrinogeD (UCDMC human) in monkey hepatoma.
Demonstration of uptake of '"I-fibrinogen (UCDMC human) in patients *ith cancer.

1974 Initial studies, of venous thrombosis in patients using UCDMC human mI-fibrinogen.

1975 Radioiodinatwn of UCDMC human fibrinogen at levels designed to preserve
coagulability while accelerating clearance.

1977 Use of 123I-fibriaogen (highly iodinated) in patients with cancer, venous thrombi, or
other coagulopathies.

Demonstration of efficacy of l23I-fibrinogen (UCDMC ^um«n) to distinguish renal
transplant rejection from other renal disease beciuc of uptake by rcj^ung 'ridney.

• Detection and localization of soft-tissue hemorrhage and
hematoma.

• Studies of disseminated islravascular coagulation and other
coagulopathies.

• Detection of intracardiac thrombi.

Since 1977, mI-fibrinogen has been used routinely in patients with venous
thrombosis.

RELEVANT COAGULATION BIOCHEMISTRY
During the course of conversion of fibrinogen to fibrin, two small ter-

minal polypeptides, fibrinopeptides A and B, are released (Fig. 2) (Nossel
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Fig. 1 Io*tae-II3-«ttaor» (UCDMC fauna; 03 a d ) m mhfhlrtmi •
1973 to a wwkey wUlk a hqpatawi. Sdattfiapb, oMahwi • hr after tajecika,
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et al., 1974). These fibrinopeptides are released as a result of the action of
an enzyme, thrombin, on the fibrinogcn molecule. The remaining fibrino-
gen molecule, referred to as fibrin monomer, now has this propensity to
align in a highly specific manner with other fibrin monomers and to
polymerize. Thrombin is produced from a cascade of enzymatic events that
take either of two pathways, referred to as the intrinsic and extrinsic path-
ways. Thr, intrinsic pathway occiiis in the intravascular system, and abnor-
malities of this system induce veaous thrombosis. The extrinsic pathway is
viewed as a tissue system and is a source of at least some of the coagul j -
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pathies characteristic of cancer. Factor XHIa is the enzyme responsible for
the final cross-linking of fibrin which makes it insoluble; this enzyme is
found in cancerous tissue, as well as circulating in the blood in the inactive
state.

FOT removing fibrin, an enzymatic system exists—the fibrinolyt;c or
plasmin system—which is capable of lysing fibrin and fibrinogen at dis-
crete locations, to produce a variety of fragments, including the X, Y, D,
E, DD, and other fragments. These fragments, as well as fibrinopeptides
A and B, have investigative and diagnostic potentials in the coagulation
disorders as targets for imrnunoassays, imaging radionuclides, or antigenic
stimulants of targeting antibodies. Several radioimmunoassays have been
described to detect these molecule?. By using a modification of the
radioimniunoassay for fibrinopeptide A, our group first reported elevations
of this polypeptide circulating in the plasma of patients with active cancer
(S. DeNardo et al., 1978). This provides evidence for the ubiquity of
coagulation disorders and, specifically, fibrin production in patients with
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TABLE 2

Effects of Storage on Unlafcied
UCDMC Human Fibrinogen

Spectropkotoaetric clotttWl/ty, %

Timt after preparation matte

ftbrteogea 0 6 12 22

Lyophilized 95 95 86 85
Frozen solution 92 91 83 82

cancer. These observations have subsequently been confirmed by others
(Cronlund, Edwards, and Rickles, 1978). Furthermore, our group and oth-
ers have reported elevations of fibrinopeptide A in the plasma of patients
with venous thrombosis (G. DeNardo, S. DeNardo, and Rose, 1980).
Abnormalities of the other fibrinogen and fibrin fragments have been
described in patients with cancer or venous thrombosis, providing addi-
tional support for our proposal that research into the relationships between
coagulation and cancer is a fertile area for investigation and development
of diagnostic and therapeutic applications.

PREPARATION AND CHARACTERIZATION OF
123I-FIBRINOGEN

The fibrinogen used in these studies was prepared under sterile and
pyrogen-free conditions from selected, healthy human-donor plasma. The
Blomback 1-2 fraction was prepared under sterile conditions by successive
ethanol-salt fractionation as previously described by Blomba'ck (Blomba'ck
and Blomback, 1956) and Welch (Welch and Krohn, 1975). The purified
fibrinogen precipitate was dissolved in a citrate buffer, and aliquots were
either quick-frozen or lyophilized and stored at — 70° C for future use.
Seven different batches of Fibrinogen have been prepared in this manner.
Each of these preparations remained suitable for use for at least two years
(Table 2) (S. DeNardo et a!., 1980). Each fibrinogen preparation was
characterized for its coagulability by spectrophotometric assay and was
analyzed by gel filtration chromatography and polyacrylamide gel electrc-
phoresis. The preparations were repeatedly found to be of high quality for
at least two years. Because it readily loses its biological activity, the fi-
brinogen molecule was radioiodinated by the iodine monochloride method
(S. DeNardo and G. DeNardo, 1977). This method of radioiodination
was selected because it has been demonstrated to least perturb the biologi-
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TABLE 3

Biochemical Characterization of
UCDMC Human Fibrinogen

Unlabeled fifirinogen
'"l-fibrinogen,

<2 al.oniL./molecriie
mI-fjbrinogen,

30 to 40 atoms/molecule

Percort
dottaUe

95

93

88

Percort

99

99

95

cal integrity of fibrinogen (Krohn, Sherman, and Welch, 1972). The label-
ing conditions were controlled so that the resulting product had an average
of less than two iodine atoms per protein molecule. After 1974 the labeling
conditions were modified to result in a product with an average of 30 to 40
iodine atoms per protein molecule, in an effort to preserve clottability
while enhancing clearance from the blood and body of the recipient
(Krohn et il., 1977a). The radiochemical purity of the resulting
1?3I-fibrinogen preparation was routinely tested by cellulose acetate elec-
trophoresis and by precipitation with trichloroacetic acid. The isotopk
clottability of the 123I-fibrinogen was evaluated by standard methods
(Welcii and Krohn, 1975). At intervals the l23I-fibrinogea was also ana-
lyzed by gel nitration, chromatography, and polyacrylarnide gel electro-
phoresis.

The mT-fibrinogsn prepared by the methods described was chemically
and functionally indistinguishable in vitro from authentic fibrinogen
(Table 3). There v/as no detectable difference between the chromato-
graphic elution profiles of the iodinated fibrinogen and the original fibrino-
gen. Similarly, polyacrylamide gel electrophoresis of our fibrinogen
detected no impurities. As anticipated, the blood clearance of the highly
iodinated fibrinogen was more rapid than that of the product labeled at
less than two iodine atoms per protein molecule (Fig. 3). its clottability
and the fraction of radioactivity attached to protein in vitro were slightly
reduced (Table 3).

VENOUS THROMBOSIS

It hits been estimated that 2% of the population, or 4 to 5 million indi-
viduals in the United States, have vinous thrombosis each year. Of these
patients 10 to 20% have thrombi which embolize to the lungs at a clini-
cally detectable level. Prompt recognition and effective treatment of
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venous thrombosis can prevent the undesirable sequellae. The clinical man-
ifestations of venous thrombosis, however, are often insidious, so that three
patients must be investigated by diagnostic procedures for every one ulti-
mately documented to have venous thrombosis. Although contrast venogra-
phy is an accurate test for venous thrombosis, its associated morbidity is
significant and precludes its routine use as a screening procedure. A vari-
ety of noainvasive tests have been developed for screening purposes.
Iodine- 125-fibrinogen uptake tests have been used successfully for the pro-
spective detection of developing venous thrombi in high-risk patients and
for the documentation of clinically suspected venous thrombi (Carretta
et al., 1977; Kakkar, 1977). When compared with contrast venography,
this test iias proved to be accurate. This test demonstrates the accelerated
conversion of fibrinogen to fibrin and the accumulation of fibrin molecules
at sites of thrombi. The procedure therefore provides more direct evidence
of the need for anticoagulant treatment than do anatomic procedures such
as contrast venography. However, the photons of t25I are severely attenu-
ated by tissue, so that the lzsI-fibrinogen uptake test is useless in the pelvic
region and less sensitive for thrombi in the upper part of the thigh. In
1966 Spar and associates (1966) reported the use of 13lI-labelcd antibody
to fibrin(ogen) for the detection of venous thrombi by imaging. Charkes
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and co-workers (1974) documented the accuracy of imaging of homolo-
gous 13lI-fibrinogen for the detection of venous thrombi in 1974. Iodine-
131, as a radionuclide for in vivo imaging of patients, has distinct disad-
vantages which include a substantial radiation burden, as well as a low
flux of photons of diverse energies poorly suited for use with current imag-
ing instrumentation. Six months earlier than the report by Charkes, we
described the use of 123I-fibrinogen imaging of thrombi in dogs
(S. DeNardo et al., 1974) and, subsequently, in humans (S. DeNardo
et al., 197S). An approach of this type retains the biochemical properties
inherent in the l25I-fibrinogen uptake test while eliminating most of the
limitations.

In 1972 venous thrombi were induced in the femoral vein of dogs.
Contrast venography was used to corroborate that a venous occlusion had
been induced. Whether 123I-fibrinogen (UCDMC human) was adminis-
tered before or after induction of the venous thrombi, accumulation of
radioactivity at the site of the thrombus was demonstrated in every
instance, and the thrombi were found to have up to 100 times greater
radioactivity than a corresponding amount of whois blood. The thrombi
were demonstrable by scintigraphy in each instance (S. DeNardo et al.,
1974). These successes corroborated the in vivo cbttability of the
mI-fibrinogen and led to the use of this radiopharmaceutical in patients.

In 1974 the initial patients with suspected venous thrombosis were
studied by scintigraphy using 123I-fibrinogen (UCDMC human). Since
tt><.t time almost 700 patients suspected of venous thrombosis have been
referred for this procedure, which currently is in clinical use at our institu-
tion. The utility of the procedure is limited only by the availability of 123I.
Several scintigraphic patterns of abnormality of distribution of radioac-
tivity have been found to represent evidence of venous thrombi. These are

• A centrifugal increase in the amount of radioactivity along
the venous system despite the diminution in the size of the
veins.

• Asymmetry of distribution of radioactivity in the venous sys-
tem.

• Abrupt termination of radioactivity within a vein.
• Irregularity and a beading pattern of radioactivity within a

vein.
• Visualization of collateral veins, particularly along the lateral

aspect of the thigh and pelvis.

Some patterns of distribution are scintigraphicaUy visualized in Figs. 4 to
6 (S. DeNardo and G. DeNardo, 1977). Correlation of 123I-fibrinogen
scintigraphy with contrast venography in patients suspected of venous
thrombosis has been excellent (Table 4, Fig. 7) (S. DeNardo et al.,
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1975). When the two procedures appeared discordant, careful considera-
tion of the clinical circumstances, as well as of the fundamental nature of
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the two procedures, invariably indicated that the discrepancy w?s more
apparent than real.

In 1977 we converted to the. clinical use of highly iodinatcd
1235-fibrinogen in an effort to enhance target-to-nontarget relationships by
accelerating clearance of the fibrinogen from the extracellular fluid spaces
while preserving its capacity for conversion to fibrin. This proved success-
ful in both respects. Normal studies were indistinguishable from those
obtained with authentically iodinated fibrinogsn, except for increased
accumulation in iodine-trapping organs such as the stomach and thyroid,
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TABLE 4

Correlation of Results of 123I-Fibrinogen
Scintigraphy and Contrast Venography in
Patients Suspected of Venous Thrombosis

Conrdatiwi,

Venography-scintigraphy
(<2 atoms/molecule) 88

Venography-scintigraphy
(30 to 40 atoms/molecule) 91

which reflected the accelerated catabolism of the molecule. Images of
patients with venous thrombi reflected improved contrast of the thrombi
relative to the surrounding tissues at short intervals after administration of
the radiopharmaceutical. Comparisons of the results of scintigraphy with
those of contrast venography (Table 4) demonstrated no loss of accuracy
with the change in radiopharmaceutical (S. DeNardo, Bogren, and
G. DeNardo, 1979a). The extent of abnormality on the initial scintigraph
and its response to treatment as judged from serial scintigraphs has corre-
lated with the morbidity of the disease (S. DeNardo, G. DeNardo, and
Jansholt, 1977).

CANCER

Each year three-quarters of a million individuals in the United States
develop cancer, and 40 to 50% of these patients die of this disease.
Although many oncophilic radiopharmaceuticals have been advocated for
the in vivo detection of cancer, only 67Ga-citrate has achieved widespread
clinical use. The search for better tumor-locaiizing radiopharmaceuticals
has included attempts to label a variety of molecules. The use of
l31I-fibrinogen and 13lI-antifibrin, proposed more than a decade ago,
represents one of these approaches to the detection of cancer, presumably
based upon conversion of fibrinogen to fibrin by the tumor (Franks et al.,
1976). Trials in humans have suggested some usefulness for these
radiopharmaceuticals (Hisada et al., 1968; Monasterio, Bccchini, and
Riccioni, 1959; Spar et a!., 1967). W<j further investigated the oncophilic
properties of *I-fibrinogen in a murine tumor model and found remarkable
tumor localization of the radiopharmaceutical (Krohn et al., 1977b;
G. DeNardo, Krohn, and S. DeNardo, J977). This localization could not
be accounted for by passive factors, such as differential blood flow or tran-
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sudation of protein (Fig. S), and was greater in amount than other
radiophannaceuiicals advocated for clinical ose (G. DsNardo, Krohn, aad
S. DcNardo, 1977). Abundant thromboplastic activity was found in can-
cerous tissue (Fig. 9) (Wortman et al., 1976). On the ^visis of these obser-
vations and information in the literature, we concluded that the association
of coagulopathies with cancer was fundamental in nature and represented
a fertile area for research designed to develop diagnostic and therapeutic
strategies, as well as to increase our understanding of the biology of csn-
cer. The accelerated processing of fibrinogen by cancerous tissue, with its
subsequent conversion to fibrin and lysis to a series of degradation
fragments, provides many substrates of potential use la immunoasseys or
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as targeting molecules for imaging. Furthermore, these molecules can
serve as a.itigenic stimulants to targeting antibodies. Our simplified con-
ceptualization is illustrated in Fig. 10. We and others have already
reported that most patients with active cancer have elevations of fibrino-
peptide A circulating in their plasma (S. DeNardo et al., 1978; Cronlund,
Edwards, and Rickles, 1978). This provides further evidence to support the
intimate relationship between aberrations of coagulation and cancer.
Studies in animals suggested that the peak accumulation of *I-fibrinogcn
occurred several hours after administration in contrast to 'he more delayed
peak accumulation of this radiopharmaccutical in venous thrombi
(G. DeNardo, Krohn, and S. DeNardo, 1977). The shorter lived m I
therefore seemed to have an advantage in addition to its superior piiotc.is
when compared to 13II. However, it was desirable to enhance the target-
to-nontarget relationships at these early intervals after injection by acceler-
ating clearance. McFarlane (1963) found that the addition of many atoms
of iodine to each molecule of fibrinogen increased its catabolic rate, and
Harwig and associates (1975) exploring this observation found that the
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reaction of 25 or more atoms of iodine with each molecule of fibrinogen
resulted in an acceleration of the clearance of radioactivity from the blood
of rabbits and dogs without substantially altering its coagulation proper-
ties. We have confirmed these results (Krohn et al., 1977a), and, further-
more, have found that overiodination actually increased the early amount
of radioactivity in murine tumors (G. DeNardo et al., 1977a). Therefore
it seemeJ that l23l-fibrinogen (highly iodinated) represented a substantial
improvement as a potential tumor-imaging radiopharmaceutical over
l31I-fibrinogen. Al equivalent radiation doses to the patient, l23I-fibrinogen
(highly iodinated) provides more than 100 times more information than
mI-fibrinogen. This advantage is associated with an improved target-to-
nontarget relationship. For these reasons all but our earliest studies in
patients and animals have been performed using highly iodinated
123I-fibrinogen rather than l23I-fibrinogen labeled at <2 atoms of iodine
per molecule of fibrinogen. We have studied approximately 70 patients by
scintigraphy using this radiopharmaceutical. Ninety percent of the primary
cancerous lesions could bs detected on the images by virtue of their
enhanced accumulation of radioactivity (Table 5) (S. DeNardo et aL,
1979b). The patterns of this accumulation were readily distinguishable
from that associated with venous thrombi (Fig. 11). Most metastases were
also detectable except for those in the skeleton or implanted on the peri-
toneum or of small size. The precise role of this radiopharmaceutical in
the management of patients with cancer remains to be determined by more
extensive clinical trials. We have continued to look at other coagulation
protein substrates as potential targeting molecules since the clearance of
highly iodinated 123I-fibrinogen from the blood remains slower than opti-
mal for imaging cancer. Efforts to perturb this molecule even further by
greater iodination result in rapid loss of clottability and stability of the
radiopharmaceutical. We are also using coagulation fragments such as the
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TABLES

Results of 123I-FibriBOgea
Scintigrapfa) in Patients

witfe Cancer

Detection rate,

Primary site lesions 90
Soft-tissue metastases 80
Skeletal metasiases 40
Peritoneal metasiases 15

D dimer, induced in the course of clotting and lysis, as an antigenic stimu-
lus for monoclonal antibody production.

OTHER COAGULOPATH1ES

Iodine-123-fibrinogen has b*n useful in the investigation of other
coagulopathies (S. DeNardo et ai., '979c; Swanson, DeNardo, and Chat-
terjee, 1978). By the use of highly iodtnated l23I-fibrinogen, iittracardiac
tf.rombi weighing as little as 290 rag and containing as littls as 0.4% of
the injected dose, were detectable in the hearts of dogs (Fig. 12)
(S. DeNardo et al., 1979c). In 70 patients with post renal transplantation
rejection, it was possible by imaging the kidney and quantitating its uptake
of i23I-fibrinogen to identify those patients with transplant rejection.
Patients with acute renal rejection had a significantly higher ratio of
kidney-to-heart blood pcol radioactivity than those with other complica-
tions (Table 6) (Swanson, DeNardo, and Chatterjee, 1978). This was sec-
ondary to both enhanced accumulation of radioactivity in the kidney, as
well as accelerated clearance of radioactivity from the blood in the
patients with rejection. Although not the subject of formal investigation,
mI-fibrinogen has also been found to accumulate in areas of hemorrhage
and hematoma, as might be expected.

OTHER PROTEINS

Many radionuclidic labels are unsuitable for tagging proteins that have
labt'e biological properties, since they can destroy the biological activity
of these proteins. Experience with radionuclides of iodine, and specifically
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TABU: 6

Mean I23I-Fibruwgtii Kidney-to-Heart
Ratios at 24 hr After Injection

Normal transplant 0.61
Rejecting transplant 0.91
Acute tubular necrosis 0.46

I23I, indicates that it is possible to label a variety of proteins of biological
interest without disturbing their biological activity. Of course, radiolabel-
ing must be performed in a rigorous manner and testing must be per-
formed to assure preservation of the biological activity of the protein prior
to its use in investigations. As indicated earlier, the complicated coagula-
tion process provides innumerable molecular substrates for radioiodination
and subsequent research applications. In addition, these proteins can be
used as antigenic targets for the development of monoclonal antibodies, an
approach that has stimulated considerable interest. We have successfully
isolated several of these molecules for this purpose. We have also
developed methods for radioiodination with I23I of antibodies and their
enzymatic fragments and have demonstrated preservation of their immu-
noreactivity in vitro and in vivo. The avidity and specificity of l23I-labeled
F(ab'>2 antibody fragment for a human breast cancer transplanted in an
athymic mouse is illustrated in Fig. 13 (Kufe et al., 1983). The implica-
tions of this approach to the diagnosis, treatment, and management of
patients with cancer is obvious (S. DeNardo et al., 1982, 1983a, 1983b;
also paper in this volume, page 401; G. DeNardo and S. DeNardo,
1933).

SUMMARY

Tfis coagulation process provides innumerable proteins of biological
interest. These proteins can serve as molecular substrates for develop-
ment of irnrrwnoassays, targeting molecules for imaging, and antigenic
stimulants for development of monoclonal antibodies. Because of their
importance, the use of coagulation proteins as molecular substrates in this
manner can contribute significantly to the diagnosis, treatment, manage-
ment, and understanding of disorders of coagulation. We have used this
apprDach for the past 12 years to explore cancer, venous thrombosis,
and other coagulopathies in animals and patients. Scintigraphy, using
m2-fibrinogcn, has developed into a routine clinical diagnostic procedure,
as well as a research tool, in venous thrombosis. Using this same
radiopharmaceutical, we have demonstrated by scintigraphy its accumula-
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tion in cancerous tissue in most patients, thereby further suggesting that
this aspect of animal tumor biology is applicable to human cancer. Iodine-
123-fibrinogen has also proven of interest in other coaguiopathies such as
renal transplant rejection, hemorrhage, and disseminated intravascular
coagulation. Human fibrinogen can be isolated, stored for long intervals of
time, and radioiodinated with tZ3l without significantly disturbing its bio-
logical integrity. This radiopharmaceutical is C.refore suitable not only
for isolated research applications but also for prolonged use in investiga-
tions and clinical applications. Monoclonal antibodies and their enzymatic
fragments have been produced and labeled with I23I without loss of their
immunoreactivity.



374 DeNARDO ET >VL

ACKNOWLEDGMENTS

This work has been supported by American Cancer Society grant No.
PDT-94E and Department of Energy grant No. DE AT03-82 ER60056.

It is impossible to acknowledge the important contributions to these
investigations of innumerable individuals during these 12 years. Rather
than risk an omission, we thank them generally and sincerely. Many of
them are identified as contributors to specific publications.

REFERENCES

Baker, G. A., D. J. Lum, E. M. Smith, and H. S. Winchell, 1976, Significance of Radiocon-
taminants in '"I for Dosimetry and Scintillation Camera Imairing, J. Nucl. Med., 17:
740-743.

Blomback, B., and M. Blomba'ck, I9S6, Purification of Human and Bovine Fibrinogen, Ark.
Kemi., 10:415.

Carretta, R. F., et al., 1977, Early Diagnosis of Venous Thrombosis Using I-125-Fibrinogen,
J. Nucl. Med.. 18: 5.

Charkes, N. D., et al., 19"" ;intigraphic Detection of Deep-Vein Thrombosis with
l-131-Fibrinogen, / Nucl. Med. 15: 1163.

Colombetti, L. G., and A. S. Johnston, 1976, Absorbed Radiation Dose by the Thyroid from
Radioiodine Impurities Found in 1-123, Int. J. Appl. Radial., 27: 656-659.

Cronlund, M., R. L. Edwards, and F. R. Rickles, 1978, Association of Fibrin Generation with
Tumor Growth: Detection of Plasma Fikrinopeptide A Levels, Clin Res., 26: 433A.

Day, E. D., J. A. Planinsek, and D. Pressman, 1959, Localization In Vivo of Radioiodinated
Rat Fibrinogen in the Murphy Rat Lvmphosarcoma and in Other Transplantable Rat
Tumors, J. Natl. Cancer Inst., 22: 413.

DeNardo, G. L., and S. J. DeNardo, 1983, Perspectives on the Future of Radioimmunodiag-
nosis and Radioimmunotherapy of Cancer, in Radioimmunoimaging, S. W. Burchiel and
B. A. Rhodes (Eds.), Elsevier Publishing Co., Inc., New York, N. Y.
, S. J. DeNardo, K. A. Krohn, J. Meyers, S. M. Huang, and J. Wortman, 1976,
Mechanisms of Localization of •I-Fib:inogen in Cancer, / Nucl. Med., 17: 567.
, S. J. DeNardo, and A. W. Rose, 19-^, Fibrinopeptide A (FPA) in Patients with
Suspected and Documented Venous Thrombosis, J. Nucl. Med., 21: F'34.
, K. A. Krohn, and S. J. DeNardo, 1977, Comparison of Oncophilic Radiopharmaceuti-
cals, *I-Fibrinogen, 67Ga-Citrate, "'In-Bleomycin, and •I-Bleomycin in Tumor-Bearing
Mice, Cancer, 40: 2923-2929.
, K. A. Krohn, S. 1. DeNardo, and D. W. Wheeler, 1977a, Mouse Tumor Localization
and Blood Clearance of Heavily lodinated Fibrinogen, / Nucl. Med.. 18: 602.
, K. A. Krohn, A.-L. Jansholt, S. J. DeNardo, M. C. Lagunas-Solar, and J. A. Junger-
man, 1977b, Present and Future Applications of Iodine-123, Medical Radionuclide Imag-
ing, Vol. 2, Symposium Proceedings, Los Angeles, Calif., pp. 3-20, STI/PUB/440, Inter-
national Atomic Energy Agency, Vienna.

DeNardo, S. J., H. G. Bogren, and G. L. DeNardo, 1979a, Regional Comparison of 1-123
Fibrinogen Scintigraphy (SV) and Radiopaque Venography (RV) in Thrombophlebitis
(TV1. J. Nucl. Med., 20: 633.
, and G. L. DeNardo, 1977, Iodine-123-Fibrinogen Scintigraphy, Stmin. Nucl. Med.,
7(3): 245-251.



KXXNE-123 FIBRINOGEN IN COAGULATION DISORDERS 375

, G. L. DeNtrdo, and A.-L. Jansholt, 1977, Assessment of Anticoagulant Therapy for
Thrombophlebitis by 1-123 Fibrinogen Scintigraphy, J. Nucl. Mod.. 18: 611.
, G. L. DeNardo, J.-S. Peng, and D. Colcher, 1983a, Monoclonal Antibody Radiophar-
maceuticals for Cancer Radioimmunotherapy, in Radioimmunoimaging. S. W. Burchiel
and B A. Rhodes (Eds.), Elsevier Publishing Co., Inc., New York, N. Y.
, G. L. DeNardo, M. A. Swanson, J. D. Trelford, and K. A. Krohn, 1979b, Efficacy of
Highly lodinated Fibrinogen in Patients with Cancer, / Nucl. Med., 20: 645.
, G. L. DeNardo, M. A. Swanson, and K. A. Wong, 1S7S, Radioimmunoassay of Fibrino-
peptide A in Patients with Cancer, / Nucl. Med.. 19: 695.
, K. Erickson, E. Benjamini, H. H. Hines, R. Scibicnslci, and G. L. DeNardo, 1982,
Monoclonal Antibodies for Radiation Therapy of Melanoma, in Nuclear Medicine and
Biology. Vol. I. C. Raynaud (Ed.), pp. 182-185, Pergamon Press, Paris.
, H. H. Hines, K. L. Erickson, and G. L. DeNardo, 1983b, Evaluation of Radiolabeled
Monoclonal Antibody Parameters Necessary for Cancer Immunolherapy, in Rational
Basis for Chemotherapy. B. A. Chabner (Ed.), pp. 379-387, Alan R. Liss, Inc., New
York, N. Y.
, A.-L. Jansholt, G. L. DeNardo, K. A. Krohn, and K. M. Crawford, 1980, Effect of
Storage of Fibrinogen, / Nucl. Med.. 21(6): P77.
, A. R. Twardock, G. L. DeNardo, and S. M. Steffen, 1979c, I-123-Fibrinogen Scinti-
graphic Detection of Intracardiac Thrombi, / Nucl. Med.. 20: 604-605.
, et al., 1975, Clinical Usefulness of 1-123-Fibrinogen (1-123-F) for Detection of Throm-
bophlebitis (TP), J. Nucl. Med., 16: 524.
, et al., 1974, I-123-Fibrinogen Imaging of Thrombi in Dogs, / Nucl. Med.. i5: 487.

Fisher, B., and E. R. Fisher, 1967, Anticoagulants and Tumor Cell Lodgment, Cancer Res.,
27: 421-425.

Franks, J. J., S. G. Gordon, B. Kao, T. Sullivan, and D. Kirch, 1976, Increased Fibrin For-
mation with Tumours and Its Genesis, in Plasma Protein Turnover. R. Bianchi,
G. Mariani, and A. S. McFarlane (Eds.), pp. 423-440, University Park Press, Baltimore,
Md.

Fusco, M. A., N. F. Peek, J. A. Jungarman, F. W. Zielinski, S. J. DeNardo, and G. L.
DeNardo, 1972, Production of Carrier-Free ml Using the 127I(p,5n)123Xe Reaction, /
Nuci. Med., 13: 729-732.

Harwig, S. S. L., J. F. Harwig, R. E. Coleman, and M. J. Welch, 1975, Effect of lodination
Level on the Properties of Radioiodinated Fibrinogen, Thromb. Res.. 6: 37S-386.

Hisada, I., et al., 1968, Tumor Scanning with 13lI-Human Fibrinogen, / Nucl. Med.. 9: 324.
Jungerman, J. A., and M. C. Lag'unas-Solar, 1981, Cyclotron Production of High-Purity

Iodine-123 for Medical Applications, / . Radioanal. Chem., 65: 31-45.
Kakkar, V. V., 1977, Fibrinogen Uptake Test for Detection of Deep Vein Thrombosis—A

Review of Current Practice, Semin. Nucl. Med.. 7. 229.
Ketcham, A. S., E. V. Sugarbaker, J. J. Ryan, and S. K. Orme, 1971, Clotting Factors and

Metastasis Formation, Am. J. Roentgenoi. I l l : 42-47.
Krohn, K. A., S. J. DeNardo, G. L. DeNardo, D. Vera, and D. W. Wheeler, 1977a, Highly

Iodinated 1-123 Fibrinogen as anOncophilic Radiopharmaceuticai, / . Nucl. Med.. 18:634.
— , S. J. DeNardo, D. W. Wheeler, and G. L. DeNardo, 1977b, •I-Fibrinogen as an Onco-

philic Radiodiagnostic Agent Distribution Kinetics in Tumour-Bearing Mice, Br. J.
Cancer. 36: 227-235.
, L. Sherman, and M. Welch, 1972, Studies of Radioiodinated Fibrinogen. I.
Physicochemical Properties of the IC1, Chloramine-T, and Electrolytic Reaction Products,
Biochim. Biophys. Ada., 285: 404.

Kufe, D. W., et al., 1983, Biological Behavior of Human Breast Carcinoma-Associated
Antigens Expressed During Cellular Proliferation, Cancer Res., 43: 8> 1-857.

Laki, K.. H. M. Tyler, and S. T. Yancey, 1966, Clot Forming and Clot Stabilizing Enzymes
from the Mouse Tumor YPC-1, Biochem. Biophys. Res. Commun., 24: 776-781.



376 DaNARDO ET AL.

Lyman, G. H., R. E. Bettigole, E. Robson, J. L. Ambrus, and H. Urban, 1978, Fibrinogen
Kinetics in Patients with Ncoplastic Disease, Cancer. 41: 1113-1122.

McFarlane, A. S., 1963, In Vivo Behavior of 1-131 Fibrinogen, / . Clin. Invest,, 42: 346-361.
Monasterio, G., M. F. Becchini, and N. Riccioni, 1959, Radioiodinated (1-131 and 1-125)

Fibrinogen for the Detection of Malignant Tumours in Man, Medical Radioisotope Scan-
ning-1959, Vol. 2, STI/PUB/3, International Atomic Energy Agency, Vienna.

Myers, W. G., and H. O. Anger, 1962, Radioiodine-123, J. Nucl. Med.. 3: 183.
Nossel, H. L., et al., 1974, Measurement of Fibrinopeptide A in Human Blood, J. Clin.

Invest., 54: 43.
Peterson, H.-I., and L. Zettergren, 1970, Thromboplastic and Fibrinolytic Properties of Three

Transplantable Rat Tumours, Ada Chir. Scand.. 136: 365-368.
Riccioni, K , 1969, Diagnosis of Malignant Lesions of the Liver by Radiocolloid and '"I

Fibrinogen, J. Biol. Nucl. Med.. 13: 160-166.
Spar, I. L., W. F. Bale, R. L. Goodland, G. W. Casarett, and S. M. Michaelson, 1960, Dis-

tribution of Injected 1MI-Labelled Antibody to Dog Fibrin in Tumor-Bearing Dogs, Cancer
Res.. 20: 1501.
, et al., 1967, Labeled Antibodies to Human Fibrinogen. Diagnostic Studies and Thera-
peutic Trials, Cancer. 20: 865.
, R. L. Goodland, and W. F. Bale, 1959, '"I-Labelled Antibody to Rat Fibrin in
Transplantable Rat Lymphosarcoma, Proc. Soc. Exp. Biol Med.. 100: 259.
, el al., 1966, Isotopic Detection of Thrombi, Arch. Surg., 92: 752.

Swanson, M. A., S. J. DeNardo, and S. N. Chatterjee, 1978, Use of 1-123 Fibrinogen in the
Diagnosis of Renal Allograft Rejection, paper presented at the Society of Nuclear Medi-
cine Third Annual Western Regional Meeting, October 1978, Vancouver, Vancouver.

Welch, M. J., and K. A. Krohn, 1975, Critical Review of Radiolabelled Fibrinogen: Its
Preparation and Use, in Radiopharmaceuticals, G. Subramanian, B. Rhodes, J. Cooper,
and V. Sodd (Eds.), Society of Nuclear Medicine, New York, N. Y.

Wellman, H. N., and R. T. Anger, 1971, Radioiodine Dosimetry and the Use of Radioiodines
Other than I31I in Thyroid Diagnosis, Semin. Nucl. Med.. 1: 356-378.

Wood, S., Jr., 1958, Pathogenesis of Metastasis Fonnation Observed In Vivo in the Rabbit
Ear Chamber, AMA Arch. PathoL 66: 550-568.

Wortman, J., S. J. DeNardo, G. L. DeNardo, S. M. Huang, K. A. Krohn, and C. Wong,
1976, Thromboplastic Ac ivity (TA) and Fibrinolytic Activity (FA) of Normal and Neo-
plastic Tissue, / . Nucl. Med., 17: 566.



New Syntheses of No-Carrier-Added
123l-Labeled Agents via
Organoborane Chemistry

GEORGE W. KABALKA, Ph.D.
Chemistry Department, University of Tennessee, Knoxville, Tennessee

ABSTRACT

No-carrisr-added '"I-labe!ed agents are readily prepared via the reaction of organoboranes
with sodium iodide-'21! in the presence of mild oxidizing agents. The reactions are rapid and
regiospccific, and they produce excellent yields of the labeled products. The organoboranes
are readily prepared from alkenes and alkynes via the hydroboration reaction. A wide variety
of functional groups are tolerated by the hydroboration-iodination sequence. The sequence
has been utilized to prepare '"I-labeled steroids and fatty acids, as well as a number of
labeled esters, ethers, and aromatic derivatives.

Radioiodine-labeled Pharmaceuticals have been used extensively in diag-
nostic nuclear medicine because of the variety of readily available, medi-
cally useful isotopes (Myers, 1966). Recently a number of new
radioiodine-labeled agents have been developed for potential use as brain,
adrenal, breast, and heart scanning agents (La France et al., 1981; Hill et
al., 1982; Wieland et al., 1981; Gatley et al., 1981; Machulla, Marsmann,
and Dutschka, 1980). Iodine-123 is the preferred isotope for labeling
these agents because of its nearly ideal physical characteristics (T«, 13.3
hr; 7, 159 keV, 83%). The complexity of the new radioiodinated agents
and the short half-life of iodine-123 put increasing demands on the syn-
thetic methods currently used. Clearly, the older "shotgun" oxidative-
iodination reactions are no longer appropriate for synthesizing the new
generation cf stereochemically and regiochemically labeled materials. The
situation is further complicated by the desire to synthesize agents with
very high specific activities and to utilize the iodine in its most stable
form, i.e., the iodide ion.

377



378 KABALKA

TABLE I

Synthesis of Radioiodinated Alkyl Iodides
via Hydroboration Iodination

Alkeac Product YieM, %

97

97

94

99

78

94

89

91

H2C = CH(CH2)8CO2CH3 I CH2(CH2),CO2CH3

H2C - CH(CH2)I6CO2H I CH2{CH2)17CO2H

H2C = CH(CH2),9CO2H

We recently reported that radioiodine can be incorporated into organic
molecules via the reaction of organoboranes with labeled sodium iodide in
the presence of mild oxidizing agents (Table 1) (Kabalka, Gooch, and Sas-
try, 1981). The reaction is rapid and proceeds in essentially quantitative
yields:

R3B r
Oxidation

• R-I

The organoboranes are generally prepared via the addition of a borane
complex such as BH3-S(CH3)2 to an alkene or an alkyne (Brown, 1962,
1975). The process, known as hydroboration, will tolerate a wide variety of
functional groups:

3 RCH=CH2 - ^ j - (RCH2CH2 - )3B

R may contain: -OH, -SH, -NH 2 , - S - S - , - COH, -CNH2,
- O N , -NOj , - S O j - , -COC1, - X , etc.



SYNTHESES OF NO-CARRIER-ADDED '"l-LABELED AGENTS 379

(Since BH3 complexes are a source of hydride, acidic protons will react to
generate hydrogen gas and a boron ester; the original functional group is
regenerated by adding water.) For the first time chemists have reactive
intermediates available which may contain a variety of physiologically
active functional groups. Furthermore, the reactions are designed so that
the short-lived isotope is rapidly introduced in the final synthetic step.

We have utilized the iodination reaction to synthesize a series of no-
carrier-added I23I-labeled materials (Table 2) (Kabalka et al., 1982a).

TABLE 2

Synthesis of No-Carrier-Added Agents via
Hydrocarboration Iodination

Alkene Product

No- urier-added
radocfeaical

yteM.%

H2C = CH(CH2)8CO2CH3
 I 2 3I-CH 2(CH 2) ,CO 2CH 3

H2C = CH(CH2),6CO2H I 2 3I-CH 2 (CH 2 ) | 7CO 2H

O O

67

46

74

57

51

The reactions were carried out using sodium iodide-123I in aqueous solution
as supplied by Medi-Physics, Inc., for diagnostic use. The synthetic proce-
dure is straightforward:

1. Dissolve 20 mg of R-B(OH)2 or R3B in 0.5 ml of THF (tetrahydro-
furan) and add 0.5 ml of H2O.

2. Add Na123I (1.0 mCi in 500 j.1 of 0.1 N NaHCOj).
3. Add 2 equivalents (based on borane) of chloramine-T.
4. Stir for 30 sec to 1 hr.

The products are conveniently isolated via chromatography (column or
high performance); a typical no-carrier-added HPLC (high-performance
liquid chromatography) chromatogram of a reaction mixture is shown in
Fig. 1.
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Na' 2 3 I

Radiation detector

Ultraviolet detector

LI
I I i I I i i i

16 24 32 40
VOLUME, ml

48 56

Fig. 1 Typical ao-carrier-aMed Ufb-perfonnace UqaM chrom»togrmpfcy
(HPLC) chromatognui of * reaction mixtve.

Our current studies are directed toward the syntheses of aryl and vinyl
iodides which appear to chemically stabilize the radioiodine, perhaps lead-
ing to greater in vivo stability. The vinyl iodides can be readily prepared
via the hydroboration of alkynes (Kabalka, Sastry, and Somayaji, 1982).
The reaction has been used to synthesize radioiodinated vinyl steroids

R ' - C = C - H
R2BH

H. BR.2

9= <~
R' H
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and tellurium-substituted vinyl fatty acids (Kabalka, Gooch, and Sastry,
1981; Knapp et al., 1982) such as

H O \ /l

H3CO

•I - CH=CH(CH2)»-Te-(CI-I2)yCO2H

Note: The asterisk denotes radioisoiope.

The arylboranes also readily undergo the iodination reaction (Kabalka,
Sastry. and Muralidhar, 1982):

The starting materials must be prepared via transmetallation reactions
which are less convenient than the hydroboration reaction (Table 3).

TABLE 3

Synthesis of Arylboranes via Transmetallation

Radlccfceakal
Arylbotoeit acM Product

, V.«, 9,

Br -(^jr- WO"): Br H ^ > - 125I 78

86

H O 2 C \ / /B(OH) 2 HO2C-^ 7 V'«I 74
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Nevertheless, the reaction would offer an alternative to currently available
methods for syntnesizing iodophenylfatty acids and iodophenyl ampheta-
mine derivatives.

<^_J>-CH2(CH2)XCO2H

Note: The asterisk indicates radioisotope.

The organoborane chemistry being developed for the incorporation of
radioiodine often complements the methods currently available. In addition,
the methods are applicable to the incorporation of other radionuclides of
interest in diagnostic nuclear medicine (Kabalka, 1984). Current investiga-
tions involve the application of organoborane technology to the incorpora-
tion of carbon (Kabalka, 1980; Tang et al , 1979), nitrogen (Kabalka et
al., 1982b), bromine (Kabalka, Sastry, and Pagni, 1982), and fluorine iso-
topes:

1. CO/H~ •
R3B = • R-CH 2 OH

2. Oxidation

iSNH<OH
R B

R 3 B - B r •
Oxidation

Note: The asterisk indicates radioisotope.
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Short-Lived Radionudides Program
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ABSTRACT

The University of Michigan Nuclear Medicine Research Program, from instrumentation
design through radiopharmaceutical development to clinical evaluation, is heavily dependent
on the availability and use of iodine-123. Research activities at the University of Michigan
can be divided into four major areas: instrumentation, radiochemistry, rediosharmaceutical
development, and clinical evaluation. In the first category a new single-photon ring tomo-
graph (SPRINT) has been built and is undergoing performance testing. SPRINT has been
designed specifically for brain imaging with l23I-labeled agents. Unlike most single-photon
tomographs, SPRINT uses a ring of stationary detectors; the only moving component is a
lead ring with eight image-forming slits. Human brain-blood flow and facial-bone images
have been obtained with SPRINT by using 123I-N,N,N'-triinethyl-N'[2-bydroxy-
3-methyl-5-iodobenzyl]-l,3-propanediamin and "Tc-methylene diphosphonate. In the area of
radiochemistry, a simple radioiodide exchange technique has been developed for the rapid
synthesis of '"1-latwled aromatic compounds. The technique is applicable to a variety of
aromatic compounds including guanidines, amino acids, and fatty acids. In the radiopharma-
ceutical arena, a new agent, l23I-meia-iodobenzyI-guanidine (MtBG), has been
developed—the result of an extensive structure-distribution-relationship study. This rediop'iar-
maceuticai, a storage analog of norcpinephrine, images organs «ith rich sympathetic innerva-
tion such as the heart and spleen. In the Nuclear Medicine Clinic three mI-labeled
radiophannaceuticafc are undergoing evaluation. These include IUI-MIBG for adrencawidul-
lary tumor localization, IJ3I-iodobenzene for brain myelin mapping, and >33I-fatty acid analogs
for heart metabolism studies.

8PECT INSTRUMENTATION

The first category concerns SPRINT, a prototype tomograph designed
and constructed in a collaborative project between the Division of Nuclear
Medicine and the Department of Nuclear Engineering (Rogers et al.,
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TABLE 1

Physical Characteristics of SPRINT*

Single slice
Number of discrete Nal detectors
Fan-beam sampling, stationary detector
Field of view, diameter
Number of slit apertures
Gantry tilt
Detector packing fraction
Slit width
Slit aperture radius
Detector aperture

78

20 cm
8
360°
30%
3.2 mm
16 cu
1 cm azimuthal X 2.5 cm axial

•Single-photon ring tomograph.

1982, 1983). Some physical characteristics of SPRINT are listed in
Table 1. A single-slice instrument, it has a 20-cm field of view that is sat-
isfactory for brain imaging and whole-body imaging of children and small
animals. The underlying motivation for developing this instrument is the
conviction that single-photon tomography will be able to accomplish, in a
clinical setting, many ciinically important studies which have been or will
be developed for using positron imaging technology. Recent development
of N-isopropyl-[131IJ-/Modoainphetamine (Winchell et al., 1980; Hill et al.,
1982) and N,N,N'-trimethyl-N'[2-hydroxy-3-methyl-5-[123I]iodobenzyl]-
1,3-propanediamine—the latter is referred to as I23I-HIPDM (Kung,
Tramposch, and Biau, 1983)—as brain blood flow agents has lent substan-
tial support to this thesis.

Unlike most other single-photon tomographs, SPRINT uses a ring of
stationary detectors. The only moving component is a lead ring containing
eight image-forming slits. As the ring is stepped through a 45° angle, a
complete set of 76 fan-beam data sets are acquired by the on-board
microprocessor. This microprocessor also controls the ring motion and sets
the pulse-height windows. Image reconstruction is performed by using two
different i'erative algorithms, ART or CSIM. The rationale behind this
choice includes the ability to handle attenuation correction, fan-beam
geometry, and finite-width rays. Resolution and sensitivity have been mea-
sured for 99mTc and I23I with various phantoms. The lead rings are inter-
changeable, and both a high-resolution and a high-efficiency version have
been evaluated. The high-resolution ring has an on-axis resolution of
8.5 mm, full width at half maximum (FWHM), with a sensitivity for
99mTc of 989 counts sec"1 pCT1 cm" 3 in a 20-cm-diameter phantom. The
corresponding values for the high-sensitivity ring are 10.8 mm and 1670
counts/sec. In each case the slice thickness is 1 cm, FWKM.



386 W1EIAN0

Preliminary buroaj» images have been obtained using U3I-HIPDM for
blood-flow measurement and 9i>iBTc-MDP (methylens diphosphonate) for
facial bunes. In each case a wealth of anatomical detail can be appreci-
ated. The design of the prototype is not optimal. Design conjderations
will, we hope, be pursued for a multislice instrument with over four times
the per-siice sensitivity of the prototype.

RADIOCHEMISTRY

The second area of research to discuss is our radiocbemistry effort to
develop a simple, clinically amenable technique for labeling compounds
with )23l. Aromatic compounds activated by electron-donating groups such
as phenols and anilines are easily labeled by electrophilic radioiodination
in the presence of radioiodide and iodine moaochloride, chioramine-T, or
iodogen. No such universal technique is available, however, for the higb-
specific-activity synthesis of radiolabeled aryl iodides not activated by
electron-donating substituents. Methods originally developed for the
exchange labeling of o-iodohippuric acid, such as exchange under mildly
oxidizing conditions or in a molten state with radioiodide, cither fail alto-
gether when applied to other iodoaromatic compounds or, in the case of
the "melt" method, cannot be used for thermally unstable compounds.

We have developed a new, soud-phase exchange technique that is gen-
erally applicable to the high-specific-activity radioiodination of a variety t;f
unactivated aryl iodides (Mangner, Wu, and Wieland, 1982). Mildly
acidic, oxidizing conditions provided by the in situ thermal decomposition
of ammonium sulfate are necessary for the success of the exchange. Typi-
cal isolated radiocbemical yields of >70% have been obtained for a variety
of aryl iodides, including various aralkyl amines, guanidines, carboxylic
acids, and ammo acids. Specific activities of up to 100 Ci/mmole for our ,
model compound, mera-[i2iI]icdobenzylguanidine, have been achieved.
Table 2 lists some of the iodoaromatic compounds that have been radiola-
beled by the ammonium sulfate facilitated exchange technique.

Typically, 0.2 to 2.0 mg of substrate, 5 to 20 mCi of Na125I or Na123!,
and 2 to 4 mg of ammonium sulfate are dissolved in water or alcohol; the
solvent is removed by heating, and the mixture is heated at 120 so 160°C
(below the melting point of the substrate) for 1 to 4 hr. The product is
easily and rapidly purified by dissolution in warm acetate buffer and by
passage through a short column of anion-exdu ->se resin to remove traces
of unreacted radioiodide. Only micropore filtering is necessary before
intravenous injection; no organic solvents or metal ions are present as com-
plicating factors in purification and subsequent use in the clinic.

The ease with which isotopic exchange occurs under our solid-state
conditions prompted us to apply this technique to aryl bromides and
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TABLE 2

Iodine- 12S Exchange Radioiodination of Some Iodoaromatic Compounds

Compound

m-iodobenzylguanidine (MIBG)
m-iodobenzylguanidine C2'I)t
m-iodobenzylguanidine C !'I)t
p-iodobenzylguanidine (PIBG)

3,4-diiodobenzylguanidine
D,L-«-methyl-MIBG
D-a-methyl-MIBG
L-a-methy)-MIBG

D,L-a-methyl-PIBG
m-iodophenethylguanidine
p-iodophenethylguanidine
m-iodophenylguanidine

p-iodophenetbylamine
p-iodoamphetamine
p-iodophenylalanineg
5-iodotryptophani

6-iodotryptophan§
p-iodophenyl acetic acid
p-bromophenyl acetic acid

No. of
trials

30
12
14
4

1
1
1
1

3
1
2
1

1
1
4
2

3
1
1

Yield,* %

92 (90 to 98)
80 (69 to 89)
79 (56 to 91)
85 (50 to 98)

70
72
40
32

74 (41 to 90)
94
83 (75 to 90)
78

90
43
31 (22 to 50)
59 (50 to 68)

36(14 to 53)
96
34

Specific activity,
mCi/mgt

0.8 to 2.0
3 to 4

2.5 to 4.0
0.8 'o 1.1

s
b

o
s

0.8 to 1.2
2.2
1.0
2.2

1.2
0.9

0.5 to 1.0
0.7 to 2.0

0.2 to 2.7
0.4
0.1

•Average isolated radiochemical yield.
tOn two occasions, 25 «ig of MIBG suifate was subjected to the exchange in the

presence of Na'25l (5 mCi) and of ammonium suifate (4 mg) to give 150 mCi/mg
(84%) and 120 mCi/mg (43%), respectively.

{Represents a series of routine syntheses for clinical studies.
§Significant activity was lost owing to strong adherence to the reaction flask.

chlorides. Preliminary results indicated in Table 3 suggest that this tech-
nique couid be used for no-carrier-added syntheses. The radiochemica!
purity of the products in Table 3 has been confirmed by radio-HPLC
(high-performance liquid chromatography) using reverse phase columns. In
most cases a 2- to 3-min separation between the respective aryl bromides
and iodides can be obtained by gradient elution. Radiochemical yields are
moderate due to loss of some radioactivity as volatile radioiodine, but
optimization efforts have only just begun. As shown by the last two entries
in Table 2, this technique has also been applied to the radioiodination of
a>-phenylalky! acids, with carrier as well as with no carrier added. We feel
that the exchange technique described here will be the method of choice
for radiolabeling 123I-w-iodophenyl fatty acids for myocardial metabolism
studies (Machulla, Marsmann, and Dutschka, 1980).
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RADIOPHARMACEUTICALS

A third major effort at The University of Michigan, possibly the rate-
determining step in our nuclear medicine research program, is the design
and development of new and useful radiopharmaceu deals. Efforts have
focused on drug analogs (Beierwaltes, Wieland, and Swanson, 1981),
biochemical analogs (Wieland and Beierwaltes, 1981), and enzyme
inhibitors (Wieland, 1982), with a special bias being given to compounds
that can be labeled with l23l. Target organs have been the adrenal cortex,
adrenal medulla, and heart. The goal of course is not to merely image
these organs but rather to develop diagnostic agents for their pathologies.
My comments are limited to our recent structure-distribution studies
(Wieland et al., 1980) with radioiodinated aralkylguanidincs, labeled ana-
logs of the well-known neuron-blocking drug guanethidine (Fig. 1). In
addition to preventing the release of norepinephrine from nerve endings,
guanethidine shares the same uptake, storage, and release mechanisms as
norepinephrine, but it is not a substrate for either of the enzymes COMT
(i.e., catechoI-O-methyl-transferase) or MAO (i.e., monoamine oxidase).
The affinity of guanethidine and other neuron blockers for adrenergic

/—
\ N - CH,CH,NH - C - NH,

C -

1 2

Guanetbtdine * I-znefa-iodotenzylguanidine

Fig. 1 Cheaiol stracencs »>f gnncthMiiK u 4
(MtlBG). The asterisk <•) fcaotes fosltioa of cwbm-14 take).
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nerves has been documented by numerous laboratories, i.e., uptake in
adrenergic nerves is necessary for pharmacological action. This rationale
led to the design and synthesis of *I-mefa-iodobenzylguanidins (MIBG;
Fig. 1), a radiopharmaceutical that holds considerable promise as a tool
for studying the in vivo physiology of the sympathetic nervous system. Fig-
ure 1 shows the chemical structure.

MIBG was the result of a laborious study of nearly 30 radioiodinated
guanidines. In dogs and monkeys it shows striking localization in the adre-
nal medulla; I23I-MIBG and 131I-MI3G provided the first images of the
primate adrenal medulla (Wieland et al., 1981a). Organs with rich sympa-
thetic innervation such as the heart (Wieland et al., 1981b) and spleen are
also imaged, but the agent cannot be used to map brain norepinephrine
stores because of its failure to cross the blood-brain barrier. In the dog
adrenal medulla, MIBG is >90% specific for the chromaffin granules, but
in the myocardium, as shown by chemical sympathomectomy, only 50 to
60% of the radioactivity is localized in the adrenergic nerves. The 40 to
50% nonneuronal binding compromises the potential utility of MIBG for
studying the adrenergic physiology of the heart. Recent work has
attempted to decrease this nonneuronal component by decreasing the
polarity of the aromatic ring of MIBG. We hope that this tactic would
lower binding to myocardial cell membranes, the putative loci of the non-
neuronal binding component. Analogs such as the 4-amino and 4-hydroxy
derivatives of MIBG not only show greater neuronal specificity but also
are more easily radiosynthesized than MIBG itself.

The meaningful use of MIBG or related analogs as adrenergic probes
must await (1) detailed metabolic studies, (2) extensive kinetic evaluation
of their uptake storage and release, and (3) development of a mathemati-
cal model relating their in vivo behavior to 3H-(-)norepinephrine. Only
recently has the in vivo behavior of 3H-(-)norepinephrine in humans been
studied as a possible means of diagnosing adrenergic abnormalities (Esler
et al., 1981). With equal measures of good fortune and hard work, an
MIBG analog may someday serve to simplify the complex disposition of
norepinephrine by focusing on only a few, but nonetheless clinically rele-
vant, determinants of its in vivo behavior.

CLINICAL STUDIES

The fourth major area of research at Michigan is clinical investigation.
Under the leadership of Dr. William H. Beierwaltes and through the
expertise of our nuclear pharmacist, Dennis P. Swanson, clinical evaluation
of radiopharmaceuticals follows close on the heels of their development by
the basic research group. Table 4 lists radiopharmaceuticals, developed in
our laboratories, that are currently undergoing clinical evaluation.
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TABLE 4

In-Mouse Radiopharmaceuricals Under Evaluation in the Clinic

Tracer CUaical application

!I/'"l-mrta-iodobenzylguanidine(MIBG) Heart* Prolonged Q-T syndrome
hypcrcatecholaminemia

Adrenal Multiple endocrine neoplasia.t
medulla pheochromocytoma$

Salivary Homer's syndrome
glands

Brain Myelin mapping,§ multiple
sclerosis lesions

Heart Fatty acid metabolism,^
ischemia, carnitine deficiency

mI-iodobenzene

l23I-lb-iodohexadecar.yic acid

•Kline et al., 1981. §Frey et al., 1981.
tValk et al., 1981. TOtto et al., 1981.
tSissonet al., 1981.

TABLES

Adrenomedullary Cancer:
l3lI-me/a-Iodobenzyiguanidine Detection

Patient

J. D.
S. P.

No. of tumors detected

Injected dose

0.5 mCi >100 mCi

17 35
2 5

Time constraints prevent my touching on all these clinical projects, so
shall concentrate on two points. First, adrenal medullary tumors (e
pheochromocytoma) can be imaged with I3II-MIBG; to date over half
number of tumors imaged were not initially detected by routine O5 •
(computerized axial tomography) scanning. There seems to be an emerg-
ing correlation between degree of localization of MIBG in the tumor and
its catecholamine-production capabilities as suggested by urine and plasma
catecholamine levels (Sisson et al., 1981). As shown in Table 5, more
metastatic tumors of the adrenal medullae can be visualized with a larger
injected dose of i31I-MIBG. This has prompted recent efforts to make use
of the more-ideal nuclear properties of I23I. Table 6 compares the rela-
tive useful detectable photons obtainable from 0.5 mCi of 13II-MIBG
and 10.0 mCi of 123I-MIBG, two doses of nearly equivalent dosimetry. At
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TABLE 6

Detectable Photons: I3II vs. I23I

Time after
administration, hr

0
24
48
72

RcUtife useful detectable photons

0.5 mO "'1-1WIBG

1
0.92
0.84
0.77

10.0 nrCi ml-MIBG

80.0
22.4

6.4
1.6

24 hr after injection, the time optimum for imaging, there are 22.4 times
more useful photons associated with the I23I injectate. Thus routine use of
123I-MIBG promises to provide a more-dependable radiopharmaceutical for
localizing small or less-active adrenomedullary tumors.

The second point concerns the need for I23I. The University of Michi-
gan research program has used 320 mCi of 123I over the past 6 months.
The need for I23I in our clinical studies is constantly increasing. Our entire
research effort, from instrumentation design through radiopharmaceutical
development to clinical evaluation, is geared toward the use of l23I-labeled
radicpharmaceuticais.

In conclusion, in 1980 Dr. David Kuhl said at an ACNP (American
College of Nuclear Physicians) meeting that the real bottleneck in single-
photon tomography development is a lack of suitable radiotracers. A con-
certed national effort to make i23I more generally available would provide
a much-needed impetus to clear that bottleneck.
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ABSTRACT

Screening of 123 hypertensive patients for renovascular disease was carried out through renai
studies, performed with iodine-123 ortho-iodohippurate (OIK), consisting of 214 studies per-
formed with high-purity '"I-OIH and 10 studies performed with I2'1-OIH contaminated with
'"I. Standard dynamic renal images and renogram curves were supplemented by functional
renal images generated by computer. For the same radiation dose to the bladder, the number
of detected photons with contaminated '"I-OIH is only about one-third of that for high-
purity IUI-O(H so that for comparable studies one must use at least twice the dose with the
former agent as compared with the latter. Analysis of data was in progress at the time of
this paper; however, initial findings suggested that at least a 6% improvement in sensitivity
was achieved by adding functional renal images to the standard study. The study was ham-
pered by erratic delivery of '"I-OIH, which demonstrated the need for a reliable source.

Renovascular hypertension refers to a curable form of hypertension caused
by lesions of the renal arteries. It is important to identify this condition
since the therapeutic results obtained by correcting the underlying vascular
lesion or by resecting the affected kidney are superior to the results
obtained through medical management of the hypertension.

Identification of a renal artery lesion is insufficient proof of the pres-
ence of renovascular hypertension because a stenosis of 75% or greater is
usually needed to induce hypertension. The diagnosis requires demonstra-
tion of a hormonal or functional derangement. Bilateral renal vein sam-
pling yielding renal vein renin concentrations that differ by a factor
greater than l.S appears to be a reliable basis for diagnosis (Maxwell
et al., 1977). Determination of split renal function by selective catheteri-

393
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zation of each ureter has also been advocated (Maxwell, Lupu, and Kauf-
man, 1968). These approaches, especially the latter, are traumatic and not
suitable for screening.

Since a renal artery lesion of sufficient degree to produce hypertension
also causes delayed urine flow and increased urine concentration for the
affected kidney, radiographic and radionuclide methods have been used to
detect the functional derangement. The rapid-sequence intravenous uro-
gram is used to demonstrate differences in appearance time and concentra-
tion of contrast agents within the renal pelves, whereas the dynamic renal
scan and radionuclide renogram are used to detect abnormalities in the
transit of tracer through the kidneys. These methods have true positive
detection rates of about 85% and false positive rates of about 10 to 15%
(Bookstein et ai., 1972; Maxwell and Hayes, 1972).

FUNCTIONAL RENAL IMAGING

We have sought to improve the sensitivity and specificity of the
radionuclide study in the detection of renal artery disease by using func-
tional renal imaging. This technique is implemented by storing a dynamic
renal scan in the computer as a sequence of digital images, which gen-
erates a time-activity curve for each pixel (picture element) of the image,
evaluates some parameter of curve shape for each curve, and finally
displays the parameter values as a single digital image, the functional
image for that parameter Functional imaging has the potential for demon-
strating subtle abnormalities in function which cannot be detected in the
standard series of radionuclide renal images and renogram curves.

A limitation of functional imaging is that the count rate for a single
pixel is quite low and the corresponding time-activity curve is quite noisy.
This leads to considerable statistical error in the value of the parameter
estimated from this curve, which results in a noisy functional image. We
have been able to reduce this noise significantly and improve the quality of
the functional images by rapidly fitting smooth curves through each noisy
time-activity curve through factor analysis, and by estimating parameter
values from the smooth curves (Oppenheim and Appledorn, 1981a).

Even when curve fitting through factor analysis is used, the count rate
remains an important factor in determining the quality of the functional
image. It is desirable for this purpose to use a radiopharmaceutical with as
high a photon yield as possible. Table 1 compares the photon yield for
the various radiopharmaceuticals available for dynamic renal imaging such
as 99mTc DTPA, high purity 123I-OIH (orthoiodohippurate), I23I-OIH with
5% I24I, and I3II-OIH. The risk to the patient has been equalized by
determining the administered dose of each radiopharmaceutical which
would result in a cumulative dose of 1.00 rad to the bladder by 10 hr.
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TABLE 1

Comparison of Radiopharmaceuticals

Radiophannaceutical

9 9 m Tc DTPA
1 2 3I-OIH (high purity)

123I-OIH (5% I 2 4 I )
13II-OIH

Admin-
istered
dose,
mCi*

3.26
1.12

0.85
0.23

Bladder
dose,
rads

1.00
1.00

1.00
1.00

Relative
photon
yseldt

3.09
1.00

0.72
0.20

Relative
camera

effi-
ciency:):

1.02
1.00

0.50
O.U

Relative
number of
detected
photons

3.14
1.00

0.36
0.03

•For bladder dose of 1.00 rad, assuming voiding every 5 hr.
tBased on administered dose, purity, and number of detectable photons per

disintegration.
{Based on sensitivity of appropriate collimator and efficiency of Vk-in.

sodir.m iodide crystal.

assuming normal renal function and voiding at 5-hr intervals. Dosimetry
was determined from a two-compartment model based on pharmacokinetic
data for hippurate and iothalamate (Welling et al., 1976) since iothala-
mate and DTPA have nearly identical clearances (Rootwelt, Falch, and
Sjokvist, 1980). It was assumed that the high-purity I23I-OIH contained
1% l 2 ' [ , whereas I23I-OIH of lesser purity contained 5% I24I at the time of
injection. Computations were carried out in the manner described in
MIRD Pamphlet No. 11 (Snyder et al., 1975). Photon yields were deter-
mined for the resulting doses of each radiopharmaceutical, based on the
number of detectable photons per disintegration (Dillman and
Von der Lage, 1975) and the purity of the radiopharmaceutical, and
were expressed relative to the photon yield for high-purity I23I-OIH.

Camera efficiency is governed both by the sensitivity of the appropriate
collimator (Graham and Anger, 1977) and by the detection efficiency of a
3/8-in. sodium iodide crystal for photons of the given energy (Anger, 1967).
Although efficiencies are similar for 99mTc and high-purity I23I-OIH, for
both of which a low-energy collimator can be used, I23I-OIH contaminated
with 5% 124I requires a medium-energy collimator with only about one-half
the efficiency; 13II requires a high-energy collimator with only about one-
third the efficiency. Furthermore, the stopping power of the crystal for the
365-keV photons of 13II is only about 40% of that for the 159-keV photons
of 123I. The overall effect (Table 1) is that more than three times as many
photons are detectable with SSmTc DTPA as with high-purity 123I-OIH,
but only about one-third as many photons with I23I-OIH contaminated
with I24I, and only —3% as many photons with 13II-OIH.
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As would be anticipated from these results, functional imaging with
I3II-OIH yields images of much poorer quality than those generated with
123I-OIH (Oppenheim and Appledorn, 1981b) because of the very low
count rate obtained with this radiopharmaceutical. On the other hand, the
high count rate obtained with " T c DTPA has not enabled us to generate
satisfactory functional images with that agent (Oppenheim and Appledorn,
1981b, 1981c). This is because a mudi larger fraction of DTPA than OIH
enters the extravascular pool and is cleared from it much more slowly. As
a result, extravascular regions become prominent components of functional
images formed from DTPA studies and will obscure the kidneys, ureters,
and bladder.

The choice of radiopharmaceutical "or functional renal imaging is thus
between high-purity I23I-OIH and I23I-OIH contaminated with 124I. We
have generated high-quality images from studies performed with both
agents by administering twice the dose when the latter agent is used. We
consider the cost and the availability of the radiopharmaceutical to be
more-important factors than the photon yield in determining which agent
is to be used.

MATERIALS AND METHODS

A total of 224 studies with I23I-OIH were performed in 124 patients
with known or suspected renovascular hypertension. Each patient also had
an intravenous urogram and a renal artenogram; whenever renovascular
disease was demonstrated, selective renal vein sampling was performed for
renin determination. All but 10 of the I23I-OIH studies were performed
with 1 mCi of high-purity 123I-OIH obtained from the Crocker Nuclear
Laboratory of the University of California at Davis. The remaining 10
studies were performed with 2 mCi of >23I-OIH contaminated with 124I
obtained from Medi-Physios, inc. In addition to standard sequential
images and curves, functional images of a number of parameters were
generated (Oppenheim and Appledorn, 1981c), including the following:

TMAX Time from beginning to maximum of curve.
RISE Amount of increase from beginning to maximum of curve.
FALL Amount of decrease from maximum to last value.
TBAR Average time, or centroid, of time-activity curve.

CLINICAL RESULTS

Our intention was to carry out an observer performance study (Metz,
1978), comparing the accuracy of sequential images and renogram curves
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Fig. 1 Serial posterior iodiM-123 iodokippante taufes m t i i no sbaonnli-
ties. <«) At 1 min. (b) At 3 mSm. (c) At 5 ate. (4) At 10 ate.

with those same images and curves supplemented with functionai images,
in the detection of renovascular hypertension. In August 1981 we replaced
our MetficaJ Data Systems (MDS) Modumed computer system with an
MDS A2 clinical imaging system. We have had difficulty in transferring
our functional imaging programs to the new system, hence thus far we
have been unable to process studies acquired sine* August 198!. Up until
that time we had performed 181 studies in 100 patients. We estimate that
65 to 70 of those patients had renovascular disease. We have identified
four instances in which the functional images demonstrated abnormal
function that could not be detected from the standard images and curves.
This implies at least a 6% improvement in sensitivity achieved by func-
tional imaging. A description of one of the sases follows.
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Fig. 2 FoMtiOMtl taages show aXaye* tac&M of teirtsr sole of left Ufeey.
(»> TMAX, ttee f n w begiw1.^ ia i t u L t a of cane, (h) TBAR, araage time,
or ccatroid, of tiate-acthfty carte, (c) RISE, Mnowt of tecnase f ro* l int
»«loe to mtxiMBL (<*) FALL, uaoaat of decreaae froat nasbwoa to U*t valae.

A 67-year-old hypertensive male had had dilatation of the right renal
artery for renovascular disease. A follow-up radionuclide study was con-
sidered to be normal (Fig. i). Renogram curves appeared normal and
were nearly identical. The functional images (Fig. 2) demonstrated a
lesion of the lower pole of the left kidney. This region appeared brighter
on the TMAX and TBAR images (but dimmer on the FALL image) than
the remainder of both kidneys. This is the pattern seen in delayed renal
function and is consistent v/kh segmental renovascuiar disease involving
the lower pole of the left kidney, a diagnosis that was unsuspected. Renal
arteriograms performed before and after the radionuclide study demon-
strated progressive narrowing of the two major Vessels supplying the lower
pole of the left kidney, confirming the diagnosis.
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DELIVERY OF IODINE-123 IODOHIPPURATE

Nearly all the I25I-OIH used in this study was supplied by Crocker
Nuclear Laboratory, which produced high-purity 123I with the cyclotron at
the University of California at Davis, labeled hippurate with the I 2 JI, and
shipped the material to us by Federal Express. Three to seven deliveries a
month were received except in January when the cyclotron underwent
annual maintenance. Although delivery was good in 1980 with only a few
failures, it became unreliable during the first half of 1981 despite sincere
efforts on the part of Crocker Nuclear Laboratory to rectify the situation.
Causes for these failed deliveries included various problems in the opera-
tion of the cyclotron, problems with the iodine recovery sysiem, problems
with hippurate labeling and quality control, and failures on the part of
Federal Express. These failures disrupted our attempts to keep a clinical
project going and to maintain the interest and support of our clinical col-
leagues and illustrate the need for a reliable source or multiplicity of
sources of I23I.

SUMMARY

V/e believe we have demonstrated a worthwhile use of I23I
orthoiodohippurate in the detection of renovascular hypertension. The
future of this application of 123I will depend primarily on the availability
and the cost of the radiopharmaceutical.
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ABSTRACT

Innumerable questions need to bs answered and obstacles overcome before radioimmuno-
therapy can be generally successful in cancer patients. Major developments have greatly
enhanced the likelihood of success. The less than ideal early results should be used, not as
data for discouragement but as information from which to derive the changes necessary for
successful therapy. The important development oi appropriate radionuclides and radiochemis-
try for this therapy must be intimately linked with the biological and biochemical realities.
All aspects must be considered, such as the specific nature of the antigenic target, the phar-
macokinetics of the antibody fragment carrier, the capability of in vivo quantitation of tumor
uptake and turnover time, as well as total body kinetics. With this knowledge, then, practical
radiochemistry methods can be integrated with the suitable radionuclide choices, and prods c-
tion methods can be developed which will deliver effective and dependable products for
patient therapy.

The development of effective approaches for the delivery of radiation ther-
apy to cancer patients is now possible since radiopharmaceuticals can be
devised from selected monoclonal antibodies. The technology of mono-
clonal antibody production through hybridization methodology represents a
scientific and technological breakthrough of a magnitude that makes
radioimmunotherapy not only feasible but also very promising. Although
this promise has stimulated considerable excitement in the scientific com-
munity, a number of fundamental scientific questions and formidable tech-
nological obstacles remain to be resolved. The major scientific questions
are related to five subjects: (1) choice of antigen targets, (2) tailoring of
the antibody carrier molecule, (3) choice and production of appropriate
radionuclides, (4) effective radiochemistry for nuclide-antibody bond, and
(5) in vivo quantitative data acquisition for assessment of radiation dose.

401
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As early as 1948, antibodies for the diagnosis of cancer were pioneered
by Pressman and Keighley (1948). Only a decade later, Bale, Spar, and
Goodland (1960) investigated the radiation therapy of tumors with
mI-labeled antibodies to tumor-associated fibrin. Over the ensuing 20
years, many investigators demonstrated the potential clinical possibilities of
th.se approaches (McCardle et al , 1966; Spar et al., 1967; Belitsky
et ai, 1978; Goldenberg et al., 1978, 1980; Order et al., 1980), but their
success has been limited, in part, by the inadequate specificity of tumor
uptake and the high-background levels of circulating labeled antibodies.
The size of the intact antibody and wide variations in molecular charac-
teristics, secondary to its polycional source, made significant improvement
in the tumor-to-whole-body dosimetry inaccurate. However, the hybridiza-
tion technology, first introduced in 1975 by Ktihler and Milstein (197S),
allows the creation and "immortalization" of antibody-producing clones
against specific chosen antigens. This has caused an appropriate rebirth of
interest in radioimmunodiagnosis and radioimmunotherapy. Target
antigens can now be defined and homogeneous antibody molecules can be
produced, enzymatic&lly fragmented, radiolabeled, and evaluated for their
bicdistribution. These factors have led us to investigate anew those major
scientific and technological problems that remain to be solved in order to
achieve effective radioimmunotherapy. The choice of appropriate radionu-
clides, their production, and labeling radiochemistry plays an important
role in the success or failure of this therapeutic approach. No single prob-
lem in this approach, however, can be effectively solved without intimate
knowledge of the other issues. Thus we must consider the radionuclide
question in the company of all the other questions.

SUITABLE TARGETS

There is growing documentation that neoplastic tissue produces glyco-
and/or lipoproteins which are either lacking or produced in limited quan-
tities by the nonneoplastic cells of that same individual. Some of these
substances are present on the membrane of these neoplastic cells and are
often referred to as "tumor markers." Reports suggest that there is wide
variation in the degree of membrane expression of these "neoantigens,"
some being present only at an average density of 104 per neoplastic cell,
whereas others can be found up to 107 per neoplastic cell. There is also
variation of molecular expression during different phases of the cell cycle
(Fabre, 1983). These molecules are optimum antigenic targets for radia-
tion therapy only if the following qualifications are met:

• They are uniquely or quantitatively specific to neoplastic cells.
• They are available in large quantities in every neoplastic cell.
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• They are present throughout the cell cycle.
• They are attached for several days to the cell membrane.
• They do not shed in significant quantities in an antigenic form.

Several tumor antigens have been described with these qualifications,
and biochemical characterization has been perfcrraet' for some of these
tumor markers (Imai, Yachi, and Ferrone, 1982; Colcher et al., 1981;
Brown et al., 1980).

We have presented evidence that curative radiation therapy could be
delivered to murine melanoma, expressing the target antigen at the density
of 105 per cell (S. DeNardo et al., 1981, 198.3a). The l3lI-labeled mono-
clonal antibodies used in this therapy took advantage of the significant
antigen-antibody residence time on this tumor as compared to the tumor
pharmacokinetics of most oncophilic radiopharmaceuticals and nonspecific
immunoglobulins (Fig. 1). The concentration of the nonspecific immuno-
globulin in the tumor reflects its distribution within the intravascular and
interstitial spaces of the tumor. Since there is no specific binding, it merely
decreases as the protein is cleared from the intravascular space. In con-
trast, the immunospecific immunoglobulin promptly achieves a much
higher tumor concentration, which increases for several days and only
gradually decreases subsequently. This sequence of events is a reflection of
the additive effects of active binding of the antibody to the membrane
antigens and the prolonged residence time of that complex. A substantial
increment in radiation dose to the tumor is the net effect when a radionu-
clide with a suitable physical half-life is utilized. This same type of tempo-
ral advantage for radiation therapy is present when immunospecific mono-
clonal antibodies are compared with other radiopharmaceuticals reported
to be oncophilic (Fig. 1).

MOLECULES FOR RADIONUCLIDES

Antibody (immunoglobulin) molecules are approximately 150,000 dal-
tons except for IgM, which is five times this weight. Because of their size
the antibody molecules do not move rapidly from the intravascular space
to the extravascular target on tumor cells. This not only increases the time
necessary to give maximum tumor uptake but also, and perhaps more
importantly, it contributes to the very slow clearance of the background
radioactive blood pool when whole antibodies are utilized to carry the
radiolabel. Well-defined fragments of the immunoglobulin (antibody) mol-
ecule, which retain their immunological activity, are more quickly cleared
from the blood and should be more effective as carriers for the radionu-
clides. Careful production and analysis of these antibody fragments are
necessary, however, to successfully achieve the required immunological and
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physiological kinetics. Pepsin or papain digestion (Fig. 2) has been used to
produce desired fragments. Either method is time and temperature depen-
dent, and the suitable conditions vary for the immunoglobulin subclasses
(Peng, DeNardo, and DeNardo, 1982; S. DeNardo et al., 1983b); see
Fig. 3. There is even some variation in optimum digestion conditions from
one monoclonal antibody to another within the same subclass. When
solid-phase enzyme digestion with either of these enzymes is used, the con-
ditions can be more easily controlled and reproducible enzymatic digestion
of monoclonai immunoglobulins can be performed (Peng, DeNardo, and
DeNardo, 1982).

Although the kinetics of the various fragments have not been
established in man, in the nude mouse the half-time of blood clearance
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Fig. 2 Schematic of the major products of papain and pepsin digestion.

ranges from a few hours (depending upon the fragment) to 2.5 to 3 days
for the whole immunoglobulin (BurchieJ et al., 1982; S. DeNardo et al.,
1981). In at least one tumor model we have studied, F(ab'>2 demonstrated
distribution kinetics and tumor uptake, which provides a significant thera-
peutic advantage over whole immunoglobulin (S. DeNardo et al., 1983a).

OPTIMUM RADIONUCLIDES FOR
RADIOIMMUNOTHERAPY

The in vivo kinetics of tumor uptake of radiolabeled antibodies and
theh fragments demonstrate an effective residence time of the monoclonal
immunoglobulins in the tumor of several days. Once the antigen-antibody
complex leaves the tumor, or if complexes are formed with shed antigen in
the blood, the reticuloendothelia! organs scavenge these complexes. In so
doing they inherit the remaining radiation dose. The optimum radionuclide
to deliver radioimmunotherapy therefore should have a physical half-life
consistent with the average residence time on the tumor cell of the mono-
clonal antibodies or their fragments. Iodine-131, a therapeutic radionu-
clide, in common use because of its beta emission, has a physical half-time
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TABLE 1

Possible Radionuclides for Radioimmunotherapy
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more than twice that desired for radioimmunotherapy. For this reason we
have investigated several radionuclides with physical half-lives of I to 3
days, as well as radionuclides with emissions to deliver effective therapeu-
tic doses at the cellular level (Table 1). Emissions of short range are desir-
able when the antigen and thus the antibody are uniformly distributed
throughout the cancer because short-range emissions reduce the radiation
dose to surrounding tissue and have the potential for enhanced relative bio-
logical effectiveness. However, nonuniform distribution of the antigen, or
regions of decreased accessibility of this antigen to the antibody, may pro-
duce a nonuniform distribution of the radiolabel delivered by the antibody.
The degree of this nonuniformity will determine the degree that emissions
of longer range are needed to assure a uniform tumor-cell death. Thus
there is need for radionuclide options within these physical parameters and
for the evaluation of detailed microdosimetry.
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To avoid unnecessary radiation dose to benign tissue, we have chosen
radionuciides that have few gamma rays and whose electron ranges are a
few hundred microns or less. To assess the performance of the radionu-
ciides from ihe physical point of view, we calculated the electron-energy
deposition per unit volume per microcurie. For this investigation we used
mostly K- or L-capture radionuciides and took into account their various
Auger and conversion electrons. X rays and gamma rays (if present) were
also taken into account by using the absorption cross section in water for
the photon energy used. The electron absorbed dose was calculated with
interpolated tables from Berger (1971). Therefore the radionuciides chosen
for our initial survey then have the characteristics of: (1) one major disin-
tegration to ground state (stable daughter), (2) physical half-life of 1 to 4
days, (3) energy depositions within a few hundred microns or less, and (4)
good prospect for production and effective protein labeling.

The rads per second per microcurie were calculated at various dis-
tances from a point source by adding together the contributing radiation.
Since the 1/r2 behavior masks the difference among the radionuciides as
to the dose as a function of a distance from the source, the quantity 4xr2R
was also calculated (Jungerman, Yu, and Zanelli, 1983). This quantity is
the amount of energy deposited in a spherical shell of a radius ir and nulli-
fies the 1/r2 dependence. Figure 4 gives the results of this calculation.
From these figures it can be seen that 131I and 67Cu are relatively long
range (several hundred microns), whereas :l9Sb, for example, delivers most
of its energy in <10 pan or approximately one mammalian-cell diameter.

Because of the nonuniform distribution of the antigens that are
presently being used as targets for monoclonal-antibody carriers, €7Cu,
whose beta particle deposits its energy over several cell-layer diameters, is
one of the most promising radionuciides for radioimmunotherapy (Tablet).
It is presently produced at the Los Alamos National Laboratory by spalia-
tion reaction (Yen et al., 1982). Mercury-197, which deposits its energy
over only a few cells, may also prove to be an efficacious radionuclide. Its
production at present is being developed by Crocker Nuclear Laboratory
by using !97Au targets with a (p,n) reaction. All the platinum series of
radionuciides mentioned in this table (97Ru, lo0Pd, and 1MmRh) are pro-
duced simultaneously by irradiating 103Rh targets with >55-MeV protons
(Lagunas-Solar, Wilkins, and Paulson, 1982; Lagunas-Solar at al., 1983;
Avila, Johnson, and Lagunas-Solar, 1983).

IMPORTANCE OF CHELATSS FOR
ENHANCING RAOIONUCilOE CHOICE

As previously presented, many radionuciides suitable for in vivo diag-
nostic and therapeutic use are "metals." Among these are radiouuclides of
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In, Co, Cu, Fe, Or, Tc, Pt, Cd, Hg, Au, and Rh, to name a few. Direct
radiolabeling of antibodies with these metals would necessarily rely on
"natural" coordinating ligands such as histidine, cyirteine, and glutamate,
with suitable nucleopbilic character. Very often such complexes are readily
reversible and subject to competitive exchange with other nucleophiles
present in the biologic milieu. In a few cases rather harsh chemical treat-
ment is necessary to produce binding, as in the reduction of Tc7+ to Tc4+

by SnCI2. Each antibody will show individual tolerance to such treatment.

Bifunctional chelates provide a class of reagents capable of relatively
high selectivity in the type of amino acid side chain affected (i.e., amino,
sulfhydryl, phenol, and carboxyl) along with high chemical stability of the
relevant bonds formed. For example, the isothiocyanate group, SCN, is
highly selective for amino groups, forming stable thiourea derivatives.
Proper design of agents that contain suitable reactive groups separated by
aliphatic or aromatic "spacers," coupled to effective chelators such as
EDTA and DTP A, can provide a meaas of selectively introducing a site or
sites within an antibody molecule capable of forming very-high-affinity
chelation complexes (chelates) with a variety of metals:. The affinity con-
stants will very likely be orders of magnitude greater than the affinity con-
stants of the antigen-antibody complex. For example, one reported affinity
constant (Jackson et al., 1983) between a monoclonal Fab fragment and
an influenza virus neuraminidase was 4.1 X 107 liters per mole. Typical
affinity constants for Cu(II) and EDTA are on the order of 1018 per mole.
Many such chelate moieties (i.e., EDTA and DTPA) are capable of form-
ing stable complexes with a variety of metals, thus providing a system tha*
may be amenable to several different radionuclides. This property also pro-
vides a potentially convenient material for use in the radiopharmacy in
that different chelate substitution levels on the antibody can be achieved
by straightforward manipulation of the relative amounts of reactants or
time of reaction with the antibody. Conjugated antibodies thus produced
could be available for radiolabeling with many of the short-lived radicflu-
clides immediately before clinical use. Indium-111 labeling of antibodies
by bifunctional chelates has been reported by several groups (Eckleman,
Pail, and Reba, 1980; Stern et al., 1982; Meares, 1983, personal commu-
nication) although there are questions of variation regarding in vivo stabil-
ity with some compounds and problems with tbe low specific activity of
others.

Preliminary studies have been performed in our laboratory on the
radiolabeling of monoclonal antibodies and their fragments with therapeu-
tic radionuclides via the bifunctioiia! chelators BABE (bromoacetami-
dobenzyl EDTA) and CITC (isothiocyanatebenzyl EDTA), developed by
Wensel and Meares (1983); see Fig. S. By using the radionuclides s7Co
(from ICN Pharmaceuticals. Inc.) and 67Cu (obtained from Los Alamos
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National Laboratory), conjugation ratios (chelate : IgG) have varied from
0.67 to 8.8 employing chelate.IgG with reaction ratios of 3:1 to 100:1
(Jackson et al., 1983). The reactions are suitable for antibody labeling in
that acceptable yields were obtained with protein concentration of 1 nM
and utilizing experimental conditions acceptable for preservation of
immune reactivity (pH, 8 to 9.5, and temperatures from 4 to 37°C,
depending on the extent and duration of the reaction desired). These
bifunctional agents have been demonstrated to be capable of producing
plasma-stable, immunoreactive, radiolabeled immunoglobulins, with several
radioactive metals. This approach therefore allows a much broader choice
of radionuclides for radioimmunotherapy.

IN V!VO QUANTITATIVE ASSESSMENT
OF ANTIBODY UPTAKE

Another major technological development has occurred which con-
tributes to the increasing likelihood of efficacious radioimmunotherapy.
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This development is emission computerized tomography (ECT) systems
available from several scintillation camera manufacturers. The tomo-
graphic nature of emission tomography allows more-sensitive detection of
small foci of tumor cells as well as the development of methods to quanti-
tate the uptake of radiolabeled antibodies in these tumors. Iodine-123 is an
effective, available radionuclide to radiolabel antibodies for sensitive tomo
graphic detection. It is produced in multicurie amounts by the newly
developed l23Xe-123I generator technique (Lagunas-Solar, papers in this
volume, pp. 190 and 203), and has been used for iodination and successful
imaging with antibodies to human breast cancer implanted in nude mice
(S. DeNardo et aL, 1983b). For therapy, however, both the short half-life
and the low emission energy make 1BI not suitable.

The necessity for detecting uptake in the small foci, the need to quanti-
tate this tumor uptake, and the required knowledge of the phannacokinet-
ics of the injected therapeutic dose make tomographic information an irre-
placeable asset to the radioimmunotherapeutic approach. In choosing an
appropriate radionuclide or group of radionuclides for radioimmuno-
therapy, it must be kept in mind that there must be sufficient gamma
emission which can be effectively detected by the single-photon emission
computerized tomographic (SPECT) camera to allow acquisition of quan-
titative information.
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Some Observations on the Use
of Iodine-123 for Thyroid imaging

U. YUN RYO, M.D., Ph.D., and STEVEN PINSKY, M.D.
Division of Nuclear Medicine, Department of Radiology, Michael Reese Hospital
and Medical Center, The University of Chicago, Pritzker School of Medicine,
Chicago, Illinois

ABSTRACT

Efficacy of " T o and '"I for thyroid imaging was studied in 122 subjects with a variety of
thyroid abnormalities. Both agents produced images that were equivalent in quality in SI sub-
jects, the image with '"I was in better quality in 22, and the " T o image was better in 9. In
the remaining 40 cases, discordant findings existed between the 123I image and T c image.
In the majority of cases, i.e., 32 of 40, the discrepancy was caused by "hot" or "warm" lesions
on the T c image that became cold or normal (nonvisualization) on the '"I image. Advan-
tages with WmTc appeared to be (1) the saving of time and cost for patients and physicians
and (2) superior sensitivity in detecting thyroid lesions, whereas the advantages with I23I
appeared to be better quality of thyroid images and accurats representation of function of
thyroid nodules.

When technetium-99m pertechnetate became readily available for routine
use, it replaced radioiodine ( I3 II) for thyroid imaging at many institutions.
As I23I became available, however, the question of which to choose for
routine thyroid imaging became a controversial subject. Proponents of 123I
cite the physiologic nature of the radioiodine image that represents initial
trapping and later organification and favorable physical characteristics of
the radionuclide. Proponents of 99mTc indicate advantages of the radionu-
clide over the radioiodine in respect to the easy availability, shorter time
required for study (i.e., >1 hr with 99mTc vs. 18 to 24 hr with 123I), and
lower cost.

Two previously published studies on the comparison of 99raTc and I23I
as thyroid imaging agents indicate that the quality of 123I image and of
99mTc image is not significantly different in the "normal gland" (Atkins

415
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et al., 1973; Arnold and Pinsky, 1976). We had a unique opportunity to
compare 123I and 99mTc as a thyroid imaging agent in a relatively large
number of patients with a variety of thyroid diseases, e.g., patients with
palpable nodules or with a history of childhood neck irradiation.

METHOD

The profile of subjects entered for the study is shown in Table 1. All
122 subjects had clinical evidence of thyroid disease or a previous history
of childhood neck irradiation. The procedure and purpose of the study
were explained to subjects with definite history of thyroid abnormality
and/or with an abnormal thyroid on palpation. Individual consent was
obtained before the imaging, and the study was conducted for 20 months,
from October 1977 to May 1979.

The thyroid gland was examined by palpation before imaging by two
or more physicians. The *9mTc pertechnetate scan was obtained 30 min
after an intravenous injection of a 5-mCi dose, and 150,000 counts were
collected.

An 123I scan was obtained 18 to 24 hr after an oral dose of 250 to
400 pCi. In the first 50 consecutive subjects, additional, early I23I scans
were obtained 1 to 2 hr after the dose. Counts were collected for 10 min
or for 100,000 counts. In the majority of cases, the 10-min count ranged
between 40,000 and 80,000.

TABLE!

Comparison of Iodine-123 and Technetium-99m as
Imaging Agents for Thyroid Study

Medical history

History of childhood
neck irradiation

Thyroid nodule or
neck mass found
on examination

Clinical evidences for
thyroid dysfunction

Previous history of
thyroid disease

Total

nbjects

25

51

23

23

122

Age, years

Meu

41

51

58

54

51

(R»»ge)

(28 to 68)

(24 to 91)

(32 to 74)

(20 to 77)

(20 to 91)

Male

14

4

I

4

23

Sex

Feaafe

11

47

22

19

99
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A gamma scintillation camera (Pho-Gamma IV) with a 5-mm-pinhole
collimator was the instrument used. In addition to the routine anterior
view, occasional oblique views were taken whenever the anterior image
showed questionable findings or findings discordant with palpation results.

The quality of the scans was subjectively evaluated by two nuclear phy-
sicians. Resolution-visualization and certainty of lesions as well as the
clearness of the image of the gland were used as criteria for the
evaluation.

TABLE 2

Findings on Initial
Examinations of Thyroid

Palpation' Scant

Thyroid nodule(s) 73 117
Goiter (with or

without tenderness) 30 S
Normal thyroid 19 0

Total 122 122

'Palpation of the thyroid was performed
before the ."canning.

fThe findings were regarded as abnor-
mal when either or both scans showed
lesion(s).

RESULTS

Results from the initial examinations of the thyroid are summarized in
Table 2. The gland was felt to be normal by palpation in 19 (15.6%) of
122 subjects. The scan Findings were abnormal, including S with goiter
(without discrete lesion) in all cases.

The quality of early I23I scans obtained in SO subjects was compared to
that of 24-hr I23I scans or of the " T c scans; the results are summarized
in Table 3. In 20 cases (40%), the early IZ3I image was as good as the
24-hr image; in 30 cases, however, the 24-hr image was of better quality.
The overall quality of early radioiodine scans was definitely worse than
that of the 24-hr scan or the T c scan (P < 0.001 by the chi-square
test).

Results from the comparison of the " T c scan and the 24-hr 123I scan
are shown in Table 4. The quality of I23I scans appeared to be better than
the "mTc images, and the di.ierence was statistically significant
(P < 0.01). On the other hand, more lesions were demonstrated on the
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TABLE 3

Comparisons of Early (0.5-hr)
Iodine-123 Scans with 24-hr Iodine-123

Scans or Technetium-99m Scans

Quality of early scan with

Equivalent to
Better than
Worse than

Total

"""re (30-mi«)
scan

26
1

23

50

1-123

123f(24-hr)
scan

20
0

30

50

TABLE 4

Comparison of 123I Scan (24 hr)
with " T e Scan

Quality of the image
No. of

patfeats

Equivalent with both agents
Quality better with I
Quality better with " " T c
Discrepant findings

Total

51
22
9

40

41.8%
18.0%
7.4%

32.8%

122 100%

99mTc scan than on the I23I scan when the resolution of the two images
was compared. As shown in Table 5, there were "hot" or "warm" lesions
seen only on 99mTc scans and not on I23I scans in 14 cases. In one case, a
warm lesion was detected only by the I23I scan. Thus, sensitivity of MmTc
scans in detecting various lesions was significantly higher than that of 123I
scans (P < 0.001).

The incidence of discrepant findings between the two images was
surprisingly high (33%). Characteristics of the 40 cases that showed
discrepant findings between the two images are summarized in Table 6.
In the majority of cases, 32 (80%), the discrepancy was "hot" or "warm"
lesions demonstrated on the 99mTc scan which was "cold" or "normal"
(nonvisualization) on the I23I scan.
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TABLES

Comparison of Sensitivity Between Iodine-123
Scan and Technetium-99m Scan

Nodules demonstrated only oa

" " T c Scan I 2 3I S C M

Hot or warm nodule
delineated only on i 4

Cold nodule detected on,
the other image normal 2

Cold nodule delineated on,
diffusely decreased uptake
on the other image 1

Extrathyroidal uptake
detected only on 3

Total 20

TABLE 6

Characteristics of Discrepant Findings Between
Iodine-123 Scan and Technetium-99m Scan

Number of
Discrepant findings

Hot or warm lesion with 9 9 m T c , cold with I 2 3 I i8
Hot or warm lesion with Tc, normal with I 14
Warm lesion with 1 2 3 I , not seen with 99mT\c 1

Cold lesion with 9 9 m T c , normal with 1 2 3I 2
Cold lesion with I 2 3 I , normal with 9 9 m T c 1
Extrathyroidal, focal uptake with 9 9 m T c ,

not seen with 1 2 3I 4

Total 40

DISCUSSION

The first planned study on the comparison of 99mTc and 123I for thyroid
imaging was published in early 1973 by Atkins et al. (1973). The authors
stated that I23I is a nearly ideal agent for imaging. They reported, how-
ever, that "in the vast majority of cases, both radionuclides were excellent
agents for imaging." Out of 102 studies only a small number of images
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were evaluated to be poor in quality: five cases with " T c and one with
I23I. Thus the study failed to produce sufficient data to support its conclu-
sion that I23I is superior to " T c for thyroid imaging. Another well-
organized study on 85 patients was reported by Arnold and Pinsky in 1976
(Arnold and Pinsky, 1976). In both studies a large number of the study
population had normal thyroids, i.e., 77 in the 1973 study and 42 in the
1976 study.

Both I23I and 99mTc are well documented to be effective for thyroid
imaging (Ryo et al., 1976; McDougall and Kriss, 1976). Therefore com-
parison of the two agents in subjects with a normal thyroid gland is not
expected to be productive. We attempted to compare these two imaging
agents in a population with abnormal thyroid glands. In our study none of
122 subjects had a completely normal thyroid scan. Thyroidal nodules or
lesions were demonstrated on either or both the " T c scan and the m I
scan in 117 subjects, while nodules were palpable in 73 (62%). Such supe-
rior sensitivity of thyroid scintigraphy over palpation in detecting thyroidal
nodules is well documented in other published studies (Arnold et al., 1975;
Schneider et al., 1980).

The two radionuclides, 123I and " T c , were regarded as equal or simi-
lar as a thyroid imaging agent in 51 (42%) of 122 cases we studied. We
observed 40 cases (32.8%) with discrepant findings between 123I image and
99mTc image. This result is remarkably different from other studies: two
radionuclides were similar as imaging agents in 66 (78%) of 85 cases, and
image discrepancy was noted in 19 cases (22%) in the study by Arnold
and Pinsky (1976); discrepancy was noted in only 5 (5%) cases, and the
quality was excellent in 83 " T c images and 96 123I images in 102 studies
performed by Atkins et al. (1973). It appeared that the larger the
number of subjects with abnormal thyroids, the higher the incidence of
discrepancy between 123I images and " T c images, and the larger the
number of subjects with normal glands, the more cases showed 123I and
" T c images to be equal in quality.

As shown in Table 6, the discrepancy was in the majority of cases hot
or warm lesion(s) on " T c images that were cold or normal (nonvisualiza-
tion) on 123I images. The histology of these lesions is documented only in
one-third of the subjects with discrepant findings; the data were presented
in a separate report (Ryo el al., 1979). Because of those lesions that show
increased " T c uptake and normal 123I uptake, sensitivity for the detec-
tion of the thyroidal lesion was higher with " T c than with I23I. Ths clini-
cal significance of detecting such lesions, hot or warm on the " T c scan
and normal on the radioiodine scan, however, has not yet been clarified
(Miller, Kasenter, and Marks, 1976). Contrary to a few reports (Turner
and Spencer, 1976; Erjavec et al., 1977; O'Connor, Cullen, and Malonc,
1977), thyroid nodules that appeared as hot on the " T c scan and cold on
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the radioiodine scan were benign in our experience (Ryo et al., 1979).
Findings of particular interest were a better detection of regional, meta-
static thyroid carcinoma with " T o than with I23I (Ryo et al., 1981).

Data from our studies demonstrate a definite superiority of the T c
image over the I23I image in the sensitivity of detecting lesions. On the
other hand, the quality and clarity of the images were significantly better
with I23I than with " T c , whereas function of the gland and nodule can
be only represented by radioiodine. Therefore we are unable to choose one
of the two agents as definitely superior to the other as an imaging agent.

For an institution where a large number of thyroid scans are per-
formed, 99mTc appears to be the agent of choice for routine use because of
the benefit of savings in the cost of the radiopharrnaceutical and in time
for the patient as well as for the physician. Repeat imaging with i23I may
be required in some patients, but the incidence of such double procedures
is estimated as one-third or less of patients with definite thyroid pathology.
An appreciably smaller number of patients will be subjected for the double
procedures when the number of all patients referred for thyroid scan is
considered.

We feel that the comparison study of I23I and 99mTc has to be contin-
ued until enough data are collected to permit drawing definitive conclu-
sions.
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Effects of Radionuclidic Composition
on Dosimetry and Scintillation-Imaging
Characteristics of 127l(p,5n)- and
124Te(p,2n)-Made Iodine-123 for
Nuclear Medicine Applications
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"Crocker Nuctear Laboratory and tD<:partment of Nuclear Medicine,
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ABSTRACT

High-quality scintillation-camera imaging is a fundamental part of the diagnostic procedure
in the practice of nuclear medicine. In addition, considerable efforts toward reducing patient
radiation doser and their associated risks are being encouraged by all sectors involved in
nuclear medicine. The effects of different radionuclidic impurities in two UJI preparations
presently in use in diagnosti': and clinical-research procedures are discussed here with respect
to radiation dose to patients and to the quality of images obtained with current instrumenta-
tion. The present comparison should provide further information to suggest future trends in
radionuclide production and accelerator development needed to supply, in the near future, the
anticipated demand of high-purity '"[-labeled radioactive drugs.

Iodine-123 for research and clinical applications is now being produced in
noncommercial (i.e., government and university) accelerator facilities pri-
marily via the l27I(p,5n) I23Xe-* l23I nuclear reaction (indirect method)
and mostly in commercial cyclotron facilities via the IMTe(p,2n)123I
nuclear reaction (direct method). The indirect 127I(p,5n) method requires
proton beams with energies >55 MeV which are not yet available in com-
mercial accelerators. The direct 124Te(p,2n) method is being used with 22-
to 28-MeV proton beams available from most of the presently operating
commercial accelerators. Because of these two production methods, 123I of
significantly different radionuclide composition is currently used by the
nuclear medicine research and clinical communities. At present, however,
the majority of the available >23I is used for thyroid studies.

For comparing the characteristics of these two different !23I products,
the radionuclidic compositions at time of calibration (TOC) produced by
these production methods are given in Table 1. In addition. Table 2 con-

423
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TABLE 1

Radionuclidk Composition at Time of Calibration (TOQ for
l27I(p,Sn)-Made and 124Tc(p,2ii>-Made Eodk*-123*

Reactka

l27I(p,5n)

12«Te(p,2n)

I2J,

125,

123r

l 2 * l
12*It
l 2 5It
"Na

Percent

>99.5
<0.5

>94
<5
<O.l
<O.l
<0.5

13.3 hr
60.25 days

13.3 br
4.17 days

'3.02 days
60.25 days
15.03 hr

•After considerable decay (>4 days), mTe(16.78 days) was also
detected in both products. The (p,5n) product contained <0.0005% 121Te
at TOC, whereas the (p,2nj was measured as <0.005% 12lTe, also at
TOC.

fNot listed in product brochure. Detected with high-resolution
germanium-detector and corrected to TOC.

TABLE 2

(Principal and Relate Photon Emissions from
J ud I34Te(p,2n>-Miide Iodiiie>123

Photo.
Reaction Radio- eaergy,
soarce arelMe keV

l27Kp,5a) 123I 159
529

12SI 35.5
l24Te(p,2n) I23I 159

529
IMI 603

646
723

1326
1376
1509
1691

i a I 35.5
ml 389

493
800

Photos al

AbMhrte,%

82.9
1.0
6.7

82.9
1.0

61.0
1.0

10.1
1.4
1.7
3.0

10.4

6.7

35.0
2.9
0.8

I—Itmtia

Retatbe, %

100
1.21
0.04

100
1.21

3.90
0.06
0.65
0.09
0.11
0.19
0.67

<0.01

0.04
<0.01
<0.0l
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tains a detailed analysis of the principal and relative gamma-ray emissions
from all the significant radiionuclides present in these two I23I products.

The different radionuclidic levels of the (p,5n)- and the (p,2n)-made
I23I affect, both the magnitude of the radiation dose delivered to the
patient and the quality of scintillation images obtained in diagnostic
nuclear medicine procedures. Both effects are of significant clinical
importance and are due to high-energy emissions from the radiocontam-
inants (i.e., 124I and 126I) present in the (p,2n)-made 123I product. These
emissions cause an increase in the patient-organ dose from the
(p,2n)-made 123I relative to the higher purity (p,Sn)-made I23I.

The difference in the quality of both 123I products, particularly
in terms of imaging, might also affect the future of numerous
other specific-function l23I-labeled radioactive drugs (i.e., sodium
o-iodohippurate, amphetamines, fatty acids) presently under development.
The possible utilization of (p,2n)-made I23I for the preparation of
I23I -labeled radioactive drugs intended for imaging larger organs than the
thyroid, seems to be highly unlikely, because of the loss of image resolu
tion when the (p,2n)-made 123I is compared to the higher purity
(p,5n)made I23I. This observation and the experimental evidence will be
shown and discussed here.

RADKATION DOSIMIETRY CONSIDERATIONS

Organ-absorbed radiation doses (in rads) given to a patient upon
administration of a certain radlioiodine-labeled drug can be obtained by
using the dose estimates provided by the MIRD Dose Estimate Report
No. 5 (1975). Organ-absorbed radiation doses were then calculated with
the MIRD dose estimates, the different organ-uptake levels, and the actual
radionuclidic composition for the administration of 400 fid of 123I (total
radioactivity) produced by the 127I(p,5n) and the I2*Te(p,2n) methods. A
simple criterion with which to compare these two different I23I products
was then established, based on these calculations. The results of this com-
parison are given in Table 3. In addition to these calculations, radiation
doses to the thyroid were also compared as a function of time or age of the
preparation. This time-dependent effect is not only significant for
radiation-dose considerations but also for the quality of scintillation images
to be obtained. This time-dependent effect for the thyroid radiation dose is
demonstrated in Table 4.

The calculated thyroid-absorbed radiation dose for the same uptake
level and time after TOC was found to be significantly greater for the
IMTe(p,2n)-made i3I than for the l27I(p,5n)-made 123I. This ratio reaches
a value of 5:1 at 24 hr past TOC, for a 25% thyroid-uptake level. At



426 LAGUNAS-SOLAR AND HWES

TABLE 3

Calculated Organ-Absorbed Radiatioo Doses at Different*
Tfeyroid-Uptake Levels from the Administration of

40© ftO of mI(p,5n)-Made or 1MTe(p,2H)«Made 123I*

OlgM

Thyroid

Stomach
wall

Red marrow

Liver

Testes

Ovaries

Whole body

Thyroid

5
15
25

5
15
25

5
15
25

5
15
25

5
15
25

5
15
25

5
15
25

Calculated orsu-atecrbcd
ndiatim 4osc irsds

"%&

1.24
3.90
6.79

0.101
0.093
0.085

0.012
0.012
0.012

0.012
0.012
0.012

0.005
0.005
0.005

0.015
0.014
0.013

0.010
0.011
0.013

4.8
14.2
24.0

0.I9&
0.'84
0.167

0.023
0026
0.029

0,026
0.031
0.036

0.014
0.014
0.013

0.027
0.026
0.024

0.025
0.036
0.048

«*tio,

irKp,5n)

3.85
3.70
3.57

1.56
1.96
1.96

1.92
2.17
2.44

2.!7
2.S6
3.03

2.78
2.78
2.63

1.79
1.85
1.85

2.S0
3.23
3.70

"Calculation based on MIRD Dose Estimate Report No. 5,
J. Nucl. Med., 16(9): 357 (1975), and on the radionjctidic composi-
tion of both '"I products. Calculation is normalized to 400 pCi of
iodine-! 23.

TOC a ratio of approximately 4:1 for the 5-, 15-, and 25% thyroid-uptake
levels was also calculated.

SCINTILLATION-IMAGING CONSIDERATIONS

The 159-keV (82.9%) gamma ray from ml is almost ideally suited for
detection with current imaging instrumentation. However, other emissions
are also present as a result of its electron-capture decay process. The dif-

I
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TABLE 4

Comparison of Calculated Radiation Doses to the Thyroid as a Function
of Uptake Levels and Radionuciidic Composition of a Nominal Capsule*

Prepared with l27I(p,5n)-Made or 1MTe(p,2n)-Made Iodine-123f

Timepre(-)
and post (+)

TOC4hr

- 1 2

- 8

- 4

TOC

+ 6

+ 12

+ 24

+ 36

1 U1,
nG

751

609

494

400

292

213

113

60

Purity compositiuo, %

(P,5n) (P,2n)

Uptake

tad.
%

Before Time of Calibration (TOQ

I23I 99.7
l25r 0.3

I23I 99.7
12SJ 0.3

123I 99.6
I25I 0.4

I23I 99.5
I2SI 0.5

123I 96.4
24I 3.0
26I 0.05
25I 0.05

23I 95.9
24I 3.5
26I 0.07
"I 0.07

23I 95.1
24I 4.2

126I 0.08
'"I 0.08

123I 94.0
12<I 5.0
126I 0.1
12SI 0.1

i
15
25

5
15
25

5
15
25

5
15
25

After rune or Calibration (TOQ
I23I 99.3
u s ! 0.7

I2II 99.1
1J5I 0.9

123I 98.3
l i ;I 1.7

U1I 96.8
125I 3.2

'"I 92.7
'"I 6.5
I2'I 0.!
125I 0.1

123I 90.8
12*1 8.3
126I 0.2
ml 0.2

I23I 85.3
12'I 13.5
I26I 0.3
12SI 0.3

_
-

5
15
25

5
15
25

5
15
25

5
15
25

Ttyroiri dose,
rads/400 »Ci

(P.5.)

2.1
6.5

11.4

1.7
5.5
9.5

1.5
4.6
8.0

1.2
3.9
6.8

0.98
3.1
5.4

0.79
2.5
4.4

0.55
1.8
3.1

0.43
1.4
2.4

(P.2-)

6.2
18.5
31.3

5.7
17.1
28.9

5.3
15.9
26.2

4.8
14.2
24.0

4.6
13.6
23.0

4.2
12.6
21.2

3.7
11.0
18.5

_
-

-

Ratio,

(p,5n)

2.94
2.86
2.86

3.33
3.13
3.03

3.57
3.45
3.23

4.00
3.70
3.57

4.76
4.3S
4.35

5.26
5.00
4.76

6.67
6.25
5.88

_

-

•400 fC\ of '"I at time of calibration (TOC).
fCalculations based upon M1RD Dose Estimate Report No. 5, / Nucl. Med.,

16(9): 857 (1975). Other radiocontaminants present were not considered.
$Time of calibration.
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TABLE 5

Decay Characteristics and Equilibrium Dose Constants of Iodine-123*

RadUtioa

Gammat 1
K Int. Conv. e-J
L Int. Conv. e-

M Int. Conv. e-
Gamma 2
Gamma 3

Gamma 4
Gamma 5
Gamma 6

Gamma 7
Gamma 8
Gamma 9

Gamma 10
Gamma 11
Gamma 12

Gamma 13
Gamma 14
K-alpha-1 X ray

K-alpha-2 X ray
K-beta-1 X ray
K-beta-2 X ray

L X rays
KLL Auger e-
KLX Auger e-

XXY Auger e-
LMM Auger e-
MXY Auger e-

Meu anker per
dbbtepatioa,

%

83.56
13.43
1.74

0.58
0.02
0.02

0.06
0.06
0.10

0.34
0.26
1.05

0.26
0.06
0.02

0.02
0.04

47.15

24.19
12.73
2.64

13.32
8.77
3.70

0.59
92.42

218.64

Meaaeaergy per
particle,

keV

159.1
134.3
154.5

158.2
183.7
192.7

248.3
281.0
34f

440.4
505.6
529.0

538.5
624.9
687.7

736.1
784.4
27.4

27.2
30.9
31.8

3.7
22.6
26.4

30.1
2.9
0.8

Equilibria* dose
cowtaat,

(-nd/jiCI-hr

0.2831
0.0364
0.0057

0.0019
O.O0CO
0.0001

0.0003
0.0003
0.0007

0.0032
0.0028
0.0118

0.0030
0.0009
0.0003

0.0004
0.0007
0.0275

0.0140
0.0084
0.0017

0.0010
0.0042
0.0020

0.0003
0.0057
0.0038

•From L. T. Dillman and F. C. Von der Lage, Radionuclide Decay Schemes and
Nuclear Parameters for Use in Radiation Dose Estimation, MIRD Pamphlet No. 10,
Society of Nuclear Medicine, New York, N.Y., 1975.

tGamma ray.
tK-shell internal conversion electron.

ferent types of radiation, mean number per disintegration, mean energy
per particle, and equilibrium dose constants for each disintegration result-
ing from the decay of 123I are given in Table 5.

As seen in Table 5, the absence of significant levels of high-energy
emissions from the decay of 123I suggests that the prescuce of even low lev-
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els of high-energy-emitting radionuclides will affect its imaging charac-
teristics. The effect of the radionuclidic contaminants (i.e., 124I and 126I)
present in the 124Te(p,2n)-made I23I with respect to the higher purity
127I(p,5n)-made 123I (which contains only the low-energy-emitting 125I) can
be easily seen in the photon spectra for both 123I products as taken with a
high-resolution germanium detector (Fig. 1) and a 1- by 1-in. NaI(T!)
detector (Fig. 2). Particularly noteworthy is the "spreading" of the
159-keV photopeak in the Nal(Tl) detector, a crystal used in the fabrica-
tion of scintillation cameras. For the evaluation of the effect of the
radionuclidic impurities, line-spread-function and Rollo-phantom mea-
surements were performed with I23I produced by both nuclear reactions.
Several experiments were then conducted as a function of time or age of
the I23I preparation and by using different, but standard, state-of-the-art
imaging cameras and collimators. The results of these measurements are
given subsequently.

Line-Spread-Function and Size-of-Lesion Measurements
With a general-purpose (GP) parallel-hole coliimator, both !23I prod-

ucts were imaged by a Picker Dynamo 37-tube scintillation camera with
energy correction circuits. Line-spread-function measurements were carried
out at - 2 hr and at +21 hr from TOC for both 123I products; the results
are given in Table 6. Sue-lesion measurements with both 123I products
also were made at +4 hr and at +24 hr post TOC; the results are given
in Table 7.

These measurements clearly indicated that the high-energy emissions
from l24I and 126I present in the l24Te(p,2n)-made 123I result in a substan-
tial degradation of image quality. This effect increases during the 24-hr
period after calibration because of the decay of the shorter lived IZ3I in
relation to 12*I (13.02 days) and m I (4.17 days), PA increase of 3.79
times in the full width at one-tenth maximum (FWTM) was measured for
the l24Te(p,2n)-made 123I in comparison to the l27I(p,5n)-made 123I,
although the full width at half maximum (FWHM) remained almost con-
stant for both I23I products (Table 6). The l27I(p,5n)-made 123I was also
consistently superior, both at +4 hr and at +24 hr TOC, in determining
the smallest size lesions foir all contrast levels in the Rollo-phantom mea-
surements (Table 7).

The spreading effect as evident in the FWTM measurements can be
reduced with the use of a high-energy pinhole collimator. However, for
imaging larger organs with parallel-hole collimators, the quality of the
diagnostic information to be obtained with a radioactive drug labeled with
I24Te(p,2n)-made I23I is expected to be largely dependent on the actual
time at which the study is conducted' (even within a + 24-hr expiration
time). On the other hand, because of the absence of long-lived high-
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159 keV

NaKTII

(P.5n)J

LC = 2 5 . 9 KEV
4 0 0 0 @l_C

I N T 4 3 0 7 5 1 0 C P S 1076 RC= 1 23 1. 5 KEV
1 4 SRC

Fig. 2 G n o u - n y spectr* for IMTe(p,2ii>-iiiade and II7I(p,5n>4iude IUI take* with a 1- by 1-in. NaI(TI)
detector. Eaergy regkw (Acwa is from 0 to 1232 keV. TTK effect of IMI (aod also ol '"I) higb-energy
emissions aad the spreading of the 159-keV photopeak are clearly seen.
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TABLE 6

Line-Spread-Function Measurements for
I27I(p,5n)-Made and 1MTe(p,2n>-Made Iodine-123*

Fall widtk a( Ffcli widtk at
ProdKt 0.5 maadmtm, n » 6.1 BUKUMT*, mm

12'I(p,5n) 9 ± 0.5 19 ± 2
l24Te(p,2n) 9 ± 0.5 28 ± 2

'Line source, 1 mm, + 4 far after time of calibration.

TABLE 7

Smallest Lesions Seen with Parallel-Hole ColUmator
at Different Contrast Levels from Rollo-Phantom

Measurements for 127I(p,5n)-Made and
1MTe(p,2n)-Made Iodine-123 (After TOC)

Contrast ferds

Product

'"Kp,5n)
124Te(p,2n)

127I(p,5n)
l2*Te(p,2n)

0.66 0.44 033

At 4 fa After Tfaae of CaUfaatkM (TOC)

0.5 in. 0.5 in.
0.75 in. 0.75 in.

0.75 in.
0.75 in.

At 24 fa After Ttoe of CaUknthM (TOC)

0.5 in. 0.5 in.
1.0 in. 1.0 in.

0.75 in.
1.0 in.

0.22

0.75 in.
0.75 in.

0.75 in.
1.0 in.

energy-emitting radionuclidic impurities, the image quality obtained with
the l27I(p,5n)-made l23I-labeled radioactive drug will remain constant for
>24 hr after TOC.

Scintillation-Imaging Measurements

General-Purpose Collimator

The Rollo phantom was imaged with a GP collimator 1.5 hr before
TOC and 21 hr after TOC (15% energy window; average information den-
sity, 2500 counts/cm2 or 10* counts). The 21-hr images were taken 3 hr
before the expiration time of the 124Te(p,2n)-made I23I. The results of
these measurements are shown in Fig. 3.

The photon spectra from the scintillation camera, by using the RoUo
phantom at 4 hr post TOC, showed that 70% of the (p,2n) and 42% of the
(p,5n) counts in a 15% energy window for the 159-keV gamma ray of I23I



Fig. 3(a) Hollo-phantom images for IJ*Te(p,2»)-inade (left) and ll1!(p,5«)-!na<k (right) ial takes at - 1 . 5
hr at TOC. A Picker camera provided with a general-parpose (GP) coUimator was used. Figure 3 contin-
ues on next page.
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(a) (b)

fig. 4 Photon spectra wi;js the sclatiUatfoo earner* (N»I(TI) crystal]: for
(•) "*T«(p,Jn)-m»i3e sad for (b) inI(p,5»>made 1UI taken at M hr TOC T V
"spreading" of «!w 159-keV pkotopeti is clearly sees as well as tit diftereace i i
magnitude of the Mgfe-sMrgy feifee pbotopeak («pper level of wiadow) witk
respect to (be 159-keV jtkotopeafc.

resulted from Compton scattering of high-energy photons. This effect is
shown in Figs. 4(a) and 4(b) where the photon spectra for both I23I prod-
ucts are compared as seen with a Picker camera and the general-purpose
collirnator. A more-detailed demonstration of this effee'. is shown in
Fig. 2.

High-Resolution Collimator

With the same imaging parameters previously defined, the Rollo phan-
tom was imaged with both I23I products, by using a Picker scintillation
camera provided with e, high-resolution coliimator. The results of this ©:>m-
parison made at —1.5 hr before calibration time are shown in Fig. 5.

Loy/-Energy Pinhoie Collini- tor

The Rollo phantoms were imag«;d by a Picker scintillation camera with
a low-energy pinhoie colliniator and the same imaging parameters previ-
ously given. The images were obtained at the time of calibration and at
the time of expiration (TOE) for both the l21I(p,5n)- and
l24Te(p,2n)-made I23S. The result-; of these ssieasurements are given in
Fig. 6.

(Test centimes m page 439.)
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Fig. 6(a) RoBo-pkaatoai haages for hoik '"I profecta, takes with a piabole coBteator aaa a Picker
csusera, at time of calibration (TOC) + 2 4 hr for the 1MTe(p,2a)-m»:Je m\. Omet agaia, the dUTerecces
ie image resolution are significant tai clearly seen. These images abo dtmoastrate deterioratioa of isssge
quality with time for IMTe(t>,2n)-aiade '"I. Figure 6(b) is sfcown os the aext page.
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Fig. 6(b) RoBcsfhutoa images for both m I protects, takes with • pfadnle coUhutor u d • Picker
caaera, at l o t of ex^ratioa (TOE) + 24 hr for the "*re(p»«aae ml. OKC agam. the differaKes in
iauge reaohrtioa are sigailkui u d ckarly see>. These bnges also •emstnte detcrioratioa of isugt
qaaKty with ttee for luTe(p,2«>«ide IUI.
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Low-Energy Ail-Purpose (LEAP) Collimator

The l24Te(p,2n)-made 123I and the 127I(p,5n)-made 123I were also
imaged with a Siemens 37ZLC Iarge-field-of-view (LFOV) camera. The
Rollo phantom was imaged 2 hr and 26 hr after calibration, which
corresponds to 2 hr after expiration time for the l24Te(p,2n)-made I 2 3 1.
The images were taken with a low-energy all-purpose parallel-hole
(LEAP) collimator (15% energy window; information density, 2500
counts/cm2 or 106 counts). The images obtained are shown in Fig. 7.

Medium-Energy Collimator

The Rollo phantom was imaged with both I23I products at 2 hr and at
26 hr after time of calibration with a medium-energy collimator and the
LFOV camera. Other imaging parameters were as described in the previ-
ous paragraph. The results of this comparison are shown in Fig. 8.

OBSERVATIONS

• The cold lesions in the Rollo phantom are seen more clearly with I23I
produced by the l27I(p,5n)123Xe—*I23I reaction by using the general-
purpose, high-resolution, and pinhole collimators (see Figs. 3 to 5).

• The separations between the different contrast levels in the Rollo
phantom are sharper with the 127I(p,5n)-made I23I when the general-
purpose, high-resolution, pinhole collimators are used (Figs. 3 to 6).

• The spatial resolution with 121I(p,5n)-made 123I does not change with
time. On the other hand, the spatial resolution with l24Te(p,2n)-made I23I
decreases with time after calibration (Figs. 3 to 6).

• The photon spectra from the scintillation camera showed less back-
ground under the 159-keV phbtopeak for the 127I(p,5n)-made 123I (Fig. 4).

• The false photopeak at the high-energy end of the photon spectra
from the scintillation camera is caused by saturation of the camera energy
amplifier. This photopeak is lower for the l27I(p,5n)-made I23I because
fewer high-energy photons are present [Figs. 3(a) and 3(b)].

• The number of scatter counts seen on the Polaroid images "outside"
the Rollo phantom is less for the l27I(p,5n)-made I23I than for the
i24Te(p,2n)-made 123I.

• The quality of the images taken when a medium-energy collimatoi is
used improves for the 124Te(p,2n)-made I23I as a result of collimation of
the high-energy photons from its radionuclfidic impurities. However, the
quality of the 127I(p,5n)-made I23I images remains superior. It should be
noted that the count rate from the LEAP collimator was about twice that
from the medium-energy collimator.



(p,2n) (p,5n)
fit- "> RoOo-ptauitoB Swipes for both mi protects takea witk <«) a tow-eaefgy an-popese (LEAP) col-
IbMtor KM) (b) * Urgt-neM-of-Tlew (LFOV) c u e n . I V tbne-depatat effect wi«k Aesc +2-ta- u d
+26-«r TOC i m g t s b ctatriy sew ky cmqiatiag the '"Te^2«>-«»<»< IU1 Uaagcs. By coctnst, die
t n I(p^«Hude I23I inagn remained coMtaat ia tiria daw interral. Note also tfce bcrease in background
(foggfaess) of &e 1MTt(p(2»)-m»ih- "»] pfoAtcl.
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(a)

(b)

Fig. 8 RoUo-jAMlcm images for botk '"! products taken witfc (a) » low-fieM-
of-view (LFOV) camera and (b) > medtasrenergy cottinator at + 2 hr and + 2 6
hr TOG Aitkoueh ia this instance the difference la iBage raso3Ktkw is aot as
marked, the vr7I(p,5D)-nta(k ml images remaiaed superior aid cosstaat fat quality
wit* time. On the other haad, the <2*r<{|s2a}-BUde 123I iraegcs sttl! skoned r.
femiMSependent effect, although it was less marked t k u ia other Inking coodi-
tions.

CONCLUSIONS

Despite the variability of equipment used in these experimental mea-
surements, particularly in the use of collimators, the camera systems used
are commonly available in most nucbar medicine facilities. Some general
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and specific conclusions can be reached, therefore, on the quality of
images obtained with both these 123I products. These conclusions are:

• The quality of the Rollo phantom images were superior in all cases
and at all times after calibration for the l27I(p,5n)-made 123I. This
is due to the absence of radiocontaminants that emit high-energy
photons in the l27I(p,5n)-made 123I.

• The quality of the images of the Rollo phantom are time independ-
ent for 1?3I produced by the l27I(p,5n) l23Xe-~ l23I reaction. This was
expected because its only radiocontaminant is the low-energy-
emitting 125I.

• The quality of the images of the Rollo phantom decreases with time
for I23I produced by the l24Te(p,2n)123I nuclear reaction. This deteri-
oration in image quality is due to the decay of the shorter lived 123I
relative to the longer lived l24l and 126I radiocontaminants.

• The loss of lesion definition for the low-contrast levels in the Rollo
phantom images for (p,2n)123I shows that the l27I(p,5n)123Xe—1231
is superior to the 124Te(p,2n)!23I for imaging large organs (low con-
trast).

SUMMARY

The potential of 123I in future nuclear medicine applications and the
organ dosimetry of 123I-labeled radioactive drugs will depend on the
radionuclidic-purity levels of the I23I used. The indirect method for the
production of 123I, based on the l27I(p,5n) l23Xe-* l23I nuclear reaction, has
been demonstrated to be the best method for its production. Large-scale
production levels are possible but will require the development of high-
current, >65-MeV proton accelerators.

The 124Te(p,2n)-made 123I, although abundantly produced with current
commercial accelerators, should be limited only to thyroid studies. Its use-
fulness is questionable at this time in imaging larger organs than the thy-
roid because of the significant loss in imaging resolution.
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Continuous Administration of Short-Lived
Isotopes for Evaluating Dynamic
Parameters

M. SELIKSON, Ph.D.
George Washington University Medical Center, Washington, D. C.

ABSTRACT

In this paper it is shown that continuous but varying infusions (specifically, exponential
infusions) of a short-lived radionuclide can be used to evaluate a wide range of dynamic
parameters. The detector response to exponential infusions is derived. An example of an inert
diffusible substrate for evaluating regional flow and a glucose model for evaluating regional
metabolic rate are both worked out. The advantages of using exponential infusion methods
are (1) exponential infusion methods lend themselves well to imaging modalities in which a
large data collection period is needed to produce a single image, (2) exponential infusion
rates can be used to enhance the overall accuracy of the method, (3) multiple infusions can
be used to evaluate several parameters simultaneously, and (4) multiple infusions can be used
to eliminate the need for absolute calibration of the detection system.

Currently, short-lived isotopes are used in many tracer methods for
evaluating dynamic parameters. Flow into the system, permeability of the
substrate across a boundary in the system or the rate at which the sub-
strate is metabolized are all examples of dynamic parameters. For several
reasons short-lived nuclides are used in evaluating them. In addition to
various chemical properties and emission characteristics which may be
associated with a particular nuclide, the short half-life makes possible
higher count rates without a corresponding increase in absorbed radiation
dose High count rates make possible dynamic monitoring. Dynamic moni-
toring refers to a sequence of measurements collected as a function of time
as well as position. This additional information enables the clinician or
investigator to visualize effects that may otherwise be indistinguishable.

The problem with dynamic studies is that new instrumentation (e.g.,
high-resolution cameras and emission tomographic scanners) requires a
large number of counts to produce a single image. As a result, it becomes

445
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desirable to achieve a static or nearly static distribution of tracer for a
period of time equal to the collection period required by the scanner.
Short-lived tracers, when infused into a system at a constant rate,
approach an "equilibrium" level at other points (organs) throughout the
system. This occurs when the supply of tracer to that organ is equal and
opposite to washout from the organ plus physical decay of tracer within
the organ. The level of tracer L a function of the half-life of the isotope,
as well as the dynamic parameters that affect the uptake and washout of
tracer from the system.

Several variations of equilibrium methods for a limited class of systems
have been published (Jones and Matthews, 1971; Jones, Chesler, and Ter-
Pogossian, 1976; Alpert ct al., 1974). A general approach has been worked
out (Orr, 1979) for addressing multicompartment systems. As described by
Orr, differential equations that describe transport in a multicompartment
model reduce to algebraic relationships at equilibrium. This leads to rela-
tively simple solutions for dynamic parameters in terms of equilibrium
concentrations.

THEORY
Several problems may be encountered when equilibrium methods are

applied to actual measurement: (1) unjustified assumptions about the
physiology cf the system being modeled, (2) err <i in the detection
system's determination of activity concentration in the tissue, as well as
(3) solutions that are too sensitive to error in the input data. All these
problems serve to degrade a method's ability to produce an accurate and
reproducible measurement of a particular parameter. Here we (1) present
a general formalism which takes advantage of the dynamic information
contained in these equilibrium distributions of tracer and (2) call attention
to the different types of equilibrium which can be achieved with different
types of infusion.

As an example, we consider a constant infusion of diffusible tracer for
evaluating flow through the brain. To arrive at an expression for flow, a
two-compartment system is assumed: vascular and extravascular (Fig. 1).

By writing down the algebraic equations that describe tracer concentra-
tions at equilibrium, we arrive at the following expression for flow:

0 )

where s = disintegration constant, time '
Ca = arterial concentration of tracer, activity/volume
Ct = tissue concentration, activity/mass
X = partition coefficient, volume/mass
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INFLOW IFI
CONCENTRATION (C. I

TISSUE COMPARTMENT

Tracer concentration C,(tl

Volume ( V I

VASCULAR COMPARTMENT

Tracer concentration C 111

Volume (V I

OUTLET (Fl

CONCENTRATION (C I

Fig. 1 Two-compartmeDtal model for diffusible tracer.

It can be shown that an exponentially increasing infusion of tracer
results in an exponentially increasing concentration of tracer in the tissue.
After a period required for equilibration, the rate of change in the tissue is
directly proportional to the exponential rate of infusion.

In the case of flow through the brain, the exponential infusion results
in the following expression for flow (Fig. 2):

F = (2)

where F = flow, volume/ time/mass
p = rate constant of exponential infusion

Ca = arterial concentration, activity/volume at time zero
C,'(a constant) = C,(t) exp(s~p)t

C,(t) = tissue concentration
A = partition coefficient
s = disintegration constant of exponential infusion

In other words, <;he imaging system, whose response is increasing exponen-
tially with time as exp(p~s)l, is scaled down by a factor exp~(p~5)t. It is this
scaled response {hat is used for Ct. Venous infusions of H2OIS into rhesus
monkeys led to tnonoexponentially increasing concentrations of tracer in
both arterial blood and brain after 3 min.

The advantage of this approach is the ability to pick the most conven-
ient value for p. For the case of H2O15 through the brain, an infusion rate
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log (C,

Start i ' 0
exponential
equilibrium

Fig. 2 Detector response (C,) to • continuoos and increasing infusion of tracer.
• • •, scaled C,- exp' ('""s)t , unsealed Q. Infusion rate a exp*'"'*.

TABLE 1

Comparison of Statistical Error in Flow Using
Constant and Exponential Infusion

Flow,
ml min 'nig tissue

Constant,* Exponential^
(p=3.00

Doublet

0.2
0.4
0.6
0.8

1.0
1.2
1.4
1.6

3.9
4.4
5.1
5.9

6.6
7.3
8.0
8.7

2.6
2.3
2.2
2.2

2.2
2.2
2.2
2.3

15.0
9.2
7.5
6.8

6.4
6.4
6.3
6.3

'Constant infusion error from Jones, Greenberg, and Reivich (1982).
tCalculated from constant infusion by using sensitivity relationship (error propaga-

tion factor).
t Includes factor of 2 to reflect two measurements at half dose.

of 3.0/min minimizes the error in the denominator of Eq. 2, as compared
with a constant infusion which must use an s of 0.35/min, the disintegra-
tion constant of I5O in Eq. I. A comparison of error with both methods at
several flows is given in Table 1.

In addition, a large value for p shortens the time required for the sys-
tem to come to equilibrium. What proves to be of more value is that, by
repeating the procedure with two different exponential infusion rates (p
and s), the following expression can be used to evaluate flow:
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= p(ca/c;> - s(c,/c;)

(Q/C) - (Q/Q

The prime values correspond to the arterial and tissue concentrations in
the p infusion. Notice that this expression contains only terms which are
the ratio of measurements. By using a double infusion, we need only to
determine relative change in arterial and tissue concentrations.

Quantifying absolute tracer concentrations is difficult for many imag-
ing systems. However, by measuring only a relative change in tracer con-
centration for the same isotope, at the same point, in the same patient,
with the same camera, the requirement on the accuracy of the camera is
considerably reduced. Using this approach opens up a wide range of con-
ventional single-photon systems for use in quantitative measurements and
should increase the accuracy of the positron systems as well.
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Pulmonary Dynamics and Functional
Imaging with Krypton-81m as Related
to Generator Delivery Characteristics

ERVIN KAPLAN, M.D.
Veterans Administration Hospital, Hines, Illinois

ABSTRACT

Krypton-81m supplied from a generator by continuous elution with air is used with a
gamma-cpmera computer system to produce a sequence of images from multiple breaths,
which reconstructed the time-activity images of the breathing human lung. Functional images
are produced by subsequent derivation to show specific variables of the dynamic sequences.
The dynamic, quantitative, and regional aspects of the respiratory cycle are thus made avail-
able in a single study. The need for the delivery of a constant ratio of mKr to air is
required to a>xurately produce these various studies.

The dynamics of ventilation have conventionally been studied by observa-
tion of flow rate and volume of the air entering and leaving the lungs.
Such studies define precisely and accurately these components in global
terms. Global kinetics are observed to alter significantly only when rela-
tively large fractions of the lungs are subjected to conditions altering flow
rate and volume.

Regional changes may be based upon physiologic, pathologic, and phar-
macologic changes. Radioactive gases are used to obtain images of their
distribution within the lungs. A static image of the average distribution
during several minutes of time is not informative of the dynamics of such
distribution.

We have developed and reported an application of a computerized
gamma camera to produce processed motion pictures of the dynamics of
the human lung while breathing 8 lmKr (Kaplan et al., 1982). Pulmonary
cinescintigrams are reconstructed from 100 to ISO breaths to produce an
averaged 16-frame sequence of the 81mKr within the lung during the entire
respiratory cycle. This can be displayed as a montage, single frames, or a
reiterative television image sequence of the breathing lung.

450
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The cinescintigram combines in a single study the quantitative,
dynamic, and regional characteristics of breathing. Various derivations of
functional components of breathing have been developed from the image
sequences by the pixel-by-pixel processing of the information. Presentation
of functional images can be in sequential-frame mode or as single images.
Sequential-frame changes through the cycle are exemplified by time vs.
activity, rate of increasing and decreasing slope (time difference), and
fractional variation between minimal and maximal activity. Single-frame
functional images are capable of separation and display equal distribution
of tidal activity and functional residual activity and time to maximum
activity (Milo et a l , 1982).

Krypton-81m is continually eluted from the 81Rb-8lmKr generator sys-
tem by humidified air. While the delivery rate is relatively constant, the
level of activity inhaled by the subject is complicated by the 13-sec half-
life and the accumulation of activity during the expiratory phase, which
results in accumulation of a bolus that is inspired during the initial
inspiratory phase and thus deforms the quantitative aspects of the image
sequence.

METHODS
Production of the Cinescintigram

The pulmonary cinescintigram was produced by the method of Kaplan
et al. (1982J. In summary, the patient is positioned before a gamma-
camera computer system. While he breathes 8ImKr from a continuous-flow
8 lRb-8 l mKr generator, information is gathered from 100 to 150 breaths
obtained at iO-mssc intervals and reconstructed as a continuous histogram
by summing these smaller intervals to 200-msec intervals. An algorithm
rejects inappropriate breaths. The information for each cycle in the histo-
gram is divided into 16 equal time intervals; each interval is summed into
a single respiratory time-activity curve and displayed in sequence as a
montage or a reiterative motion picture.

Production of Functional Images

Time-Vs.-Activity Sequential Images

The cinescintigram produced as described is a 16-frame sequence of
regional distribution of 8 lmKr activity as reconstructed through the inspira-
tional and expirational phases of the respiratory cycle (Kaplan et al.,
1982).

Various sequential and single-frame functional images have been
developed by our laboratories :n time-domain mode by Freeman et al.
(1982) and by Milo et a!. (1982).
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Time- Vs. -Difference Sequential Images

The shape of the time-activity curve of the cinescintigram is equivalent
to the time-volume curve of the respiratory cycle. The time difference, a
first derivative, for each pixel is obtained by determining the difference
between each sequence in the time-activity curve and is expressed as a
positive or negative slope. The count difference

D(x,y,t) = C(x,y,t + 1) - C(x,y,t)

is displayed as a matrix image sequence against an average-difference gray
scale, with brighter levels for slope values above average and darker levels
for values below average.

Fractional-Variation Image Sequence

To make this functional determination of the fractional change in each
pixel during the time-activity sequence, we determined the maximum
value CM and the minimal value Cm for each pixel, the range defined,
and the fractional change of the total range determined for each
time -activity frame. The fraction

P h v n = C(x,y,t) - Cm(x,y)
nx,y,u CM(x,y) - Cm(x,y)

is displayed as a color-coded image sequence showing the fractional
sequence of the 81mKr-labeled air moving into and out of the lung.

Tidal Activity and Functional Residual Activity Functional Image

The tidal activity entering the lung during a breath is defined as the
difference between the maximal count and the minimal count for each
pixel:

TC(x,y) - CM(x,y) - Cm(x,y)

and is regionally distributed discretely from the functional residual
activity. This tidal activity accumulates in the region of the lung with the
lowest airway resistance and the highest compliance. It is a compartment
changing at the rate of each respiratory cycle and is the obligatory source
of a slower exchange, i.e., the wash in and wash out of activity from the
functional residual activity compartment. The functional residual activity
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does not change with the tidal exchange even though some internal
redistribution may occur and is defined as Cm(x,y).

Time to Maximum Functional Image

If each pixel in the time-activity cinescintigram sequence is measured
to determine the time frame in which maximum activity occurs, the image
may be coded in shades of gray or color to produce a single image matrix
of time to maximum for each increment of activity arriving at each region
of the lung.

RESULTS

The results of the computer processing of the continuous breathing of
81mKi- from the 8 lRb-8 l mKr generator to produce a motion picture of the
breathing lung has been previously published and examples of these images
as 16-fiame montages may he seen (Freeman et al., 1982).

The various sequential and singie-frame functional images derived from
the time-vs.-activity cinescintigram have been given more-detailed treat-
ment and are also individually available for inspection with several other
related functional images (Milo et al., 1982).

DISCUSSION

Static imaging of the lungs with 8ln)Kr is not significantly altered by
variation in the level of activity during the inspiratory phase of ventilation.
The ratio of 81mKr to air must remain constant during inspiration to accu-
rately produce the time-activity sequence and their functional derivatives
previously described. In the Ose of the 8 lRb-8 l mKr generator system, 8IraKr
(T^, 13 sec) presents several problems in maintaining this constant ratio.

These problems are exemplified by several conditions. First is tho accu-
mulation of a bolus of 8 lmKr in a small volume of air during the expiratory
phase. This produces an abnormally high ratio of 81mKr activity to air in
the initial frames of the reconstructed inspiratory cycle. Second, the use
of a system supplying and mixing atmospheric air during inspiration by
continuous air elution of the generator will supply a constant rate of 81mKr
inhalation, however, provided the activity delivered to the subject during
expiration is expelled and consequently wasted. A third approach requires
very rapid mixing of the 8lmKr in a reservoir during the entire cycle, with
the subject inspiring the mixture. The volume of the reservoir must be sig-
nificantly greater than the tidal inspiration; as a consequence, the residual
8lmKr content within the reservoir will decay and waste activity. Finally, if
the reservoir volume is reduced, the activity is less influenced by decay but
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is significantly diluted and varies during mixing by the addition of air to
make up reservoir volume. It is certainly possible to salvage some 81mKr by
the recycling technique.

An optimal delivery system is required by considering the positive and
negative contributions of the factors previously described. The development
of the pulmonary cinescintigram and its functional-image derivations are
capable of presenting quantitative, dynamic, and regional information by a
single procedure. The accuracy of the 81rnKr pulmonary cinescintigram
requires the development of an effective constant-ratio 81mKr to air-
delivery system.
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Iodine-123 Ortho-lodohippurate:
Some Experiences with Logistics
and Quality Control

K. A. LATHROP, MS.,* and P. V. HARPER, Ph.D.'f
•Department of Radiology and tDepartment of Surgery, The University of Chicago,
Chicago, Illinois

SUMMARY"
Three years ago, in response to a request for proposal, a one-year contract
was awarded to the University of Chicago by the Bureau of Radiological
Health (BRH) to measure accurately the organ distribution of Hippuranin
30 human subjects in order to refine the radiation absorbed dose estimates.
The decision had been made to use quantitative imaging methods with
iodine-123 (—5 mCi) as a label to achieve good uptake data, with low
radiation dose to the subjects. Medi-Physics, Inc., had originally agreed to
furnish the material at reasonable cost. Shortly after the award of the con-
tract, this offer was withdrawn and the alternative supplier, Crocker
Nuclear Laboratory (University of California at Davis), was approached.
AltLnugh the Crocker material involved slightly greater cost, this wac suc-
cessfully negotiated with BRH. Also, the agent was of better radionuclidic
quality, having been produced through the xenon-123 cycle. One shipment
of the material was received. When tested before shipment from Crocker
Laboratory, the material was found to contain 5% iodide. After receipt our
assay showed --10% iodide and the next day, 20%. Furthermore, a small
fraction (~8%) was found remaining at the origin of the chromatogram,
which we speculated might be silver iodide since silver precipitation had
bjen used by the producer to remove unreacted iodide. This preparation
was used in the first subject who was studied exhaustively with a view to
defining the final protocol. Six further shipments of I23I-o-iodohippurate
were ordered from Crocker, none of which materialized for reasons of
machine breakdown or quality control, and it became perfectly clear that

*No manuscript was submitted.
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it was not going to be possible to coordinate the scheduling of patients
with the delivery of the agent. At this point Medi-Physics again offered to
furnish the material but later withdrew the offer. This left us with the only
viable alternative of making the material ourselves. The BRH project offi-
cer, who originally favored strongly the study of a standard commercial
agent with its existing impurities, became persuaded finally that it would
be scientifically preferable to use high-performance liquid chromatography
(HPLC) purified material as described by McAfee et al., 1981, especially
since this would permit evaluation of in vivo breakdown of the
o-iodohippurate. This procedure is planned. The production of iodine-123
from 250 mg of 90% enriched tellurium-123 with 15-MeV protons as
described by Barrall el al. (1981), together with the labeling procedure of
Wanek, Hupf, and O'Brien (1977), and Hawkins et al. (1982), appears to
provide the only possibility of finally fulfilling the BRH contract. This of
course is no solution for the general clinical use of 123I-o~iodohippurate.
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Intracoronary Use of Rubidium-82

P. V. HARPER, M.D.,» J. W. RYAN, M.D.,* J. AL-SADIR,' K. G. CHUA,'
L. RESNEKOV,* R. NIERINCKX, Ph.D.,' M. LOBERG, Ph.D.,t and
THE LOr AI AMOS MEDICAL RADIOISOTOPE GROUP*
•Department of Radiology, The University of Chicago, Chicago, Illinois, and
tThe Squibb Institute for Medical Research, New Brunswick, New Jersey

SUMMARY*

Rubidium-82 (75 sec) is well suited for myocardial localization studies
performed by intracoronary injection in connection with coronary angiog-
raphy. Rubidium ion is efficiently extracted from the blood so that blood
background and radiation to other organs such as the kidneys are greatly
reduced, as is the amount of activity required to make satisfactory images.
Rubidium-82 is produced on a strontium-82 generator and is eluted with
isotonic saline (Fig. 1). A 50-mCi generator at the peak of the elution
curve gives a concentration of 2 mCi/ml so that 2 ml, sufficient for imag-
ing, is available on 20-sec notice, which eliminates delays during catheter-
ization. The estimated radiation absorbed dose to the heart is ~300
mrads/mCi. Breakthrough of the strontium-82 parent is 1 to 2 nCi/ml.
The generator has been maintained sterile and pyrogen-free for its 8 weeks
of useful life. Imaging is carried out in single-photon mode, although the
agent is a positron emitter, with a mobile Phogamma IV camera fitted
with a heavy tungsten rotating collimator. With a 3-mCi injection, images
containing ~ 120,000 counts were obtained in 4 to 5 min with an 8:1
heart-to-background ratio. Pilot studies in 15 p&tients have resulted in no
complications. Feasibility has been demonstrated for pacing studies and for
drug intervention with nitroglycerine. Uptake defects correlate well with
vascular lesions. Patients with critical left main-vessel lesions and studies
with spasm-producing agents such as ergonovine have been excluded. Gat-

•No manuscript was submitted.
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Fig. 1 ElutioD curve of rubidium-*)"; generator. Total volume, 50 ml of botanic
saline; total time, 1.00 rain.

ing studies have been carried out successfully. A useful application appears
to be the identification of the myocardial region supplied by each of sev-
eral grafts.

SUPPORTING DATA

Method
For intracoronary injection the first 2.3 mi of eluate is discarded, and the
next 2 to 4 ml is colkcted and transferred to the injection synnge with a
concentration of 1 to 3 mCi/ml, depending on the age and strength of the
generator. Breakthrough of strontium is 1 to 2 nCi/ml. Radiation dose to
myocardium is ~300 mrads/mCi retained in myocardium. Average addi-
tional fluoroscopy Jime is 30 sec per injection with an entrance dose of ~ 1
rad/min.

Example 1

A 74-year-old man. Very positive exercise test; electrocardiogram
(ECG) uninterpretable. Angiogram showed 100% proximal left anterior
descending (LAD) obstruction, 50% distal circumflex obstruction, and 50%
right coronary mid obstruction.

Pacing was initiated and discontinued because of pain after 18 sec.
Catheter was lodged in left coronary orifice, and patient was moved from
under fluoroscope to the camera where injection was made. The move
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required only —20 sec during which time the first 23 ml of eluate was
being discarded. The patient remained supine throughout, and the camera
position gave the 30° left anterior oblique (LAO) view (Fig. 2). Blood

Fig. 2 Tbe 30" left anterior oblique (LAO) images demoastratiBg that with
pacing there ic a marksd defect in the regie*! of the septum fleft anterior de-
scending (LAO)] and a less marked defect in the distribution of tbe circumflex.

pressure and ECG were monitored continuously throughout procedure.
The image taken with pacing shows a marked uptake defect in the region
of the septum [left anterior descending (LAD)] view and a less marked
defect in the distribution of the circumflt.'!.

Example 2

A 35-year-old man with old inferior wsll and anterior infarcts, bypass
grafts 2 years previously. Angiogram showed 100% obstructions mid right
coronary, proximal left anterior descending (LAD), and obtuse marginal.
These images (Fig. 3) demonstrate uniquely the regions perfused through
the native circulations and the grafts.

Example 3

A 64-year-old man with unstable angina and old inferior wall and
anterior left infarcts. Angiogram showed 100% left anterior descending



RCA

Right coronary

Fig. 3 Images demonstrating uniquely the regioas perfused through the native
circulations and the grafts.
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Fig. 4 Pacing studies showing inferior wall of left ventricle (LV) supplied
through collaterals from right coronary ascending (RCA) artery has marked
uptake defect on exercise, indicating that coUaterals are insufficient.

(LAD) obstruction, 50% proximal Circumflex obstruction, and 40% right
coronary obstruction (Fig. 4).



Iodine-123-Labeled Radiotracers
for Cardiovascular and Testicular
Imaging Studies: Labeling of Phenyl
Fatty Acids for MyocardiaS Studies,
Fibronectin for Thrombus Localization,
and Human Chorionic Gonadotropin for
Testicular Studies
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L. MAXIMILIAN BUJA, M.D..J J. E. WILSON III. M.D.,§ J. T. WILLERSON, M.D.,§
and R. W. PARKEY, M.D.*
•Department of Radiology, tDepartment of Urology, ^Department of Pathology,
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ABSTRACT

Development and evaluation of iodine-123-labeled compounds for potential applications in
certain imaging studies are described. A new method utilizing an organothallium intermediate
has been developeci to radioiodinate phenyl fatly acids. The method is simple, and consistently
high yields (80 to 909.) can be obtained on a routine basis. The biodistribution patterns of the
product prepared by this method were found to be very similar to those produced by the
direct electrophilic substitution method. The method provides an alternative means of prepa-
ration of '"I-labeled phenyl fatty acids for myocfirdial imaging and metabolic studies.
Radioiodiiiated fibronectin (FN) localized in experimental thrombi and pulmonary emboli. In
dogs the deep-vein thrombi could be visualized within 3 hr of postinjection of the tracer.
Radioiodinated human chorionic gonadotropin (HCG) localized in rat restes which permitted
tbe scintigraphic visualization of scrotal as well as abdominal tester in rats. The localization
appears to be receptor mediated.

For more than two decades technetium-99m has been the isotope of choice
in nuclear medicine for imaging various oi^ans. However, the chemistry of
technetium is complex, and a number of compounds of biological interest
are not successfully labeled with WinTc without altering their physiologic
behavior. There is a need for development of suitable radiopharmaceuticals
with single-photon emitting radionuclides for myocardial metabolic studies,
localization of thrombi and pulmonary emboli, localization of the cryptor-
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chid testis in children, and brain function studies. This paper summarizes
some of our efforts in these areas.

Even though thallium-20! is used extensively in myocardial imaging, it
has certain limitations, including its nonideal nuclear properties. Because
faity acids are known to be substrates for myocardiai metabolic activity,
they have gained considerable attention for their potential application in
myocardial imaging and metabolic studies. Since Evans and co-workers in
1965 showed the feasibility of photoscanning the myocardium with
radioiodinated (131I) oleic acid (Evans et al., 1965), a number of investiga-
tors have proposed various fatty acids labeled with different radionuclides
(Machulla et al., 1978). Because of its ideal physiologic behavior,
"C-labe!ed palmitic acid has been shown to be an excellent marker for
stvdying the regional myocardial metabolic activity with positron
topographic systems (Scheibert ei al., ,'980). Too short a half-life of " C
(20.4 min) requires an on-site cyclotron to produce various radiopharma-
ceuticals tagged with 1!C. These tracers would require the availability of
positron tomographic systems for the optimum imaging purposes. Poe and
Robinson (1976) showed that fatty acids labeled with I23I at the terminal
position had physiologic behavior similar to l!C-labeled palmitic acid.
Thus l23I-labeled hexadecanoic acid and heptadecanoic acid have been
proposed and are being evaluated clinically. One of the limitations of
these alkyl fatty acids has been their in vivo instability leading to the
background problem as a result of rapid release of free iodide concommi-
tant with 0~ oxidation. Several means to alter the myocardial fate of
labeled alkyl fatty acids have been proposed with limited success.
Recently, Machulla and associates proposed a new approach to increase
the in vivo stability of these tracers by placing the radioiodine on the
phenyl ring attached to a fatty acid (Machulla, Marsmann, and Dulschka,
1980). Various methods of radioiodination of phenyl fatty acids have been
proposed: (1) direct electrophilic substl. :tion (Machulla, Marsmana, and
Dutschka, 1980); (2) triazene decomposition (Foster, Heindel, and Burns,
1980); and (3) the exchange method (Eisenhut, !982). We proposed an
alternative method of radioiodination which uses an organothallium inter-
mediate (Kulkarni et al., 1983). As a mode! compound, w-phenyl pentade-
canoic acid was radioiodinated and evaluated in experimental animal
models to test its suitability for myocardial imaging and metabolic studies.

A great need exists for development of radiopharmaceuticals for "hot-
spot" imaging of deep-vein thrombi and pulmonary emboli. A number of
agents labeled with various radionuclides have been proposed. None of
them, however, has been found to be satisfactory for routine clinical appli-
cations. Indium-111-labeled platelets have gained considerable interest in
localizing fresh thrombi and pulmonary embcli. Technetium-99m plasmin
and l23I-labeled protein fragment E are being evaluated (Persson and
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Darte, 1977; Knight et al., 1982). Fibronectins are high-molecular-weight
glycoproteins that have a high binding affinity for fibrous proteins like col-
lagen and fibrin (Ruoslahti and Engvall, 1978). Since these proteins are
major components of blood clots, we decided to evaluate them. We hoped
that the radiolabeled fibronectin would localize in experimental thrombi
ano pulmonary emboli, thus permitting their localization by scintigraphic
methods.

Testicular localization with impalpable gonad is a dilemma for pedi-
atric urologists. No simple test exists to define the location or even confirm
the unilateral absence of the testis. At present the diagnosis of monorchi-
dism, which occurs in 4% of children explored for cryptorchidism, is made
by methods generaily considered to be hazardous or too unreliable to jus-
tify their use in routine cases. On the basis of the fact that there are
receptors on the Leydig cells of the testes for human chorionic gonadotro-
pin (hCG), we proposed that mI-labeled hCG might have application in
localizing the nonpalpable gonad (McConneli et a!., 1983).

MATERIALS AND METHODS

Radioiodinations

Phenyl Pentadecanoic Acid (PPA)

The fatty acid was radioiodinated by the direct electrophilic substitu-
tion reaction a-; proposed by Machulla, Marsmann, and Dutschka (1980)
with minor modulations (Angelberger et al., 1981). Radioiodination via
an organothallium li.'ermediate was performed by using thallium tri-
fluoroacetate reagent as described in detail elsewhere (Kulkarni et al.,
1983). In brief, the PPA-thaliium complex was formed first by incubating
0.5 to 1.0 mg of PPA with 2 mg of thallium trifluoroacetate in 0.2 ml of
trifluoroacetic acid. The PPA thallium complex formed in situ was treated
with 5 to 10 mCi (185 to 370 MBq) of 123I-Na or 125I-Na m 0AN NaOH
(5 to 100 n\) along with carrier potassium iodide. The reaction mixture
was heated at 50° C for 30 min. The labeled product was purified on a
reverse phase (Qg) high-performance liquid chromatography (HPLC) col-
umn with 70% methanol as the solvent. The radioactive peak was pooled.
After evaporation of the solvent, the product was dissolved in 100 pi of
ethanol and further reconstituted with 6% human albumin solution. Hie
final product was filtered through a 0.22-jim membrane filter to remove
any aggregates and to sterilize the product.

The quality of 123I-PPA or 125I-PPA prepared by the two different
methods was evaluated by its uptake in rat myocardium. Sprague-Dawley
rats (weighing 180 to 200 g) were injected intravenously with approxi-
mately 15 MCI of 125I-PPA. The animals were killed 5 min after intrave-
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nous administration of the tracers, and the amount of radioactivity (per
unit weight) in major organs (heart, liver, lung, and blood) was measured
by a sodium iodide well scintillation counter and was related to the
injected dose.

Imaging Studies

Mongrel dogs of either sex, weighing approximately 17 kg, were used
in imaging studies. One group of normal dogs served as controls, and
another group underwent ligation of the left anterior descending coronary
artery (LAD) for 90 min before administration of the tracer prepared via
the PPA-thallium intermediate. Iodine-123-labeled PPA (2 to 3 mCi),
with a specific activity ~ 1 3 mCi/mg, was injected intravenously. The
animals were imaged in the left anterior oblique (LAO), left lateral (LL),
and anterior (ANT) views, 2 to 5 min after injection; 300,000 counts were
collected in each frame. Further animal studies using mI-PPA with a
single-photon emission tomographic system in different models of myocar-
dial infarction and ischemia will be reported separately.

Purified human fibronectin (FN) was kindly supplied by Drs. Ed Plow
and Mark Ginsberg, of the Scripps Clinic and Research Foundation
(La Jolla, Calif.). The fibroncctin was purified from normal human
plasma by affinity chromatography on a gelatin Sepharose column. The
radioiodination was performed by either ehloramine-T (Greenwood and
Hunter, 1963) or Iodogen (Fraker and Speck, 1978) method. The labeled
product was purified by gel filtration.

Animal Model

The deep-vein thrombosis was produced by the electrical cuff method
in dogs. Electric current, 0.5 mA, was passed for 1 hr. For producing pul-
monary embolism, jugular veins were isolated and clamped at both ends.
Fifty units of thrombin was injected into the clamped jugular vein. The
clots were allowed to age for 30 min and then released.

Radioiodinated (>2SI) FN was injected intravenously 30 min after the
formation of deep-vein thrombi and pulmonary emboli. In these dogs the
presence of the clots was demonstrated by contrast venograms and
angiograms. The thrombus was produced in the left hind leg. The right leg
(normal) served as the control in the same animal. The legs were scanned
with a hand-held sodium iodide detector (probe) coupled to a strip-chart
recorder. The scans were obtained at various time intervals up to 72 hr
after injection of the tracer. Autopsy was performed at 24, 48, or 72 hr
after administration of the tracer in separate groups of animals.
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Human chorionic gonadotropin was radioiodinated by either
chloraminc-T (Greenwood and Hunter, 1963) or Iodogen (Fraker and
Speck, 1978) method. Iodine-131 -labeled hCG was injected into three
groups of rats (six in each group) as follows: group 1, with both testes in
scrotum; group 2, with one testis surgically placed into the abdomen;
group 3, rats wsre injected with an excess of unlabeled hCG before admin-
istration of !31I-hCG. Another group of rats was injected with 131I-labeled
albumin. This group of animals served as a control. Serial scintigrams up
to 12 hr were obtained for each group of animals. Testicular uptake was
studied in another group of rats (6 hr after administration) with l25I-hCG
labeled by chloramine-T and Iodogen methods.

RESULTS

The radiochemical yields of iodine-labeled PPA were <2S% of the
input radioiodine using commercial 125I and 123I with the direct
electrophilic iodination method. The radiochemical yields of iodine-labeled
PPA using PPA-thallium intermediate were dependent on the amount of
PPA used and on the time and temperature of the reaction. The optimum
incubation for the thallium reaction was 1 hr at room temperature. For the
second incubation with radioiodine, the equilibrium was reached within
30 min at S0°C. A minimum of 0.S mg of PPA was needed to obtain the
optimum yields. The radiochemical yields of more than 80% could be
obtained on a routine basis with either I25I or I23L

The biodistribution studies in rats showed that the heart uptake (per-
cent injected dose per gram of tissue plus or minus standard error of the
mean) at 5 min after injection of I-PPA prepared by (1) direct electro-
philic iodination (2.S9 ± 0.32) or (2) the thallation method
(2.71 ± 0.23) was very similar (Table 1).

Scintigrams of dogs injected with IZ3I-PPA that was produced by the
thallation method visualized the myocardium within 5 min of administra-
tion of the tracer [Fig. l(a)]. The uptake of the agent was reduced in the
ischemic zones of the myocardium in dogs with LAD ligation [Fig. l(b)].

Radioiodinated fibronectin localized in blood clots (thrombi and
emboli) in dogs sacrificed at 24, 48, or 72 hr after injection of I2SI-FN.
The sites of femoral vein thrombi showed increased activity as compared
to the normal leg activity. Monitoring of the hind legs with the hand-held
probe showed increased activity at the site of the femoral vein thrombi as
compared to the normal (control) leg activity. The sites of femoral vein
thrombi showed 200 to 400% increase in the count rate as compared to the
background activity (Fig. 2). The femoral clots could be detected as early
as 3 hr after injection of the tracer.
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TABLE 1

Distributim of Radioactivity ia Rats

at 5 mill After IatravewMS Adajnstratioa

of 15-125Modopfceayl Pertadecaaok Acid

Prepared by Two Methods

Uptake, perctat iajected tee
per fraa «f tiaiae*

Thallatioa Direct electronic
Orgaa aetktrf

Hsart 2.7] + 0.23 2.59 ± 0.32
Blood 0.60 + 0.03 0.88 ±0.14
Lung 1.05 + 0.10 1.23 ± 0.23

Liver 3.15 ± 0.31 3.87 ± 0.51
Kidney 0.98 ± 0.08 1.07 ± 0.12
Stomach 0.35 ± 0.05 0.45 ± 0.09

•Mean plus or minus standard error of the
mean for six rats.

(a) (b)

Fig. 1. (a) Sdatferaai of a awanl 4*c (ANT anjectiw) 5 mim alter
• M S ataWMratioa «f '"I-PPA preaared rf» PPA-II • aHn»t«ate.
(a) SckSptuB of a 4og (ANT prajecdaa) Necte4 with 1UI-PPA. The * f kad
hgatiM of the praxaaal LAD caroaar; artery 1 hr hef«e >*aiahliitlia «f Ike
tracer.
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Serial scintigrams of rats injected with 131I-hCG visualized testes in
rats in group 1 [normals, i.e., with both testes in scrotum, Fig. 3(a)] and
group 2 (with one testis in the abdomen). About 4 hr waiting time (after
injection of the tracer) was necessary for the blood background activity to
diminish and to start visualization of the testes. The testes could not be
visualized in rats injected with either mI-labeled albumin [Fig. 3(b)] or in
rats that were pretreated with an excess of "cold" hCG. These data indi-
cate that the in vivo binding of hCG to testes is specific and receptor
mediated. The kinetics and testicular uptake of hCG labeled by either the
chloramine-T or the Iodogen method were similar (0.33 ± 0.002%,
injected dose/g, x ± SEM).

D I S C U S S I O N

A number of methods are available to radioiodinate phenyl fatty acids.
Radioiodination via an organothallium intennediate was attractive since
the thallium-phsnyl fatty acid formed in situ could be treated directly
with radioiodine to produce radiotodinated phenyl fatty acids. The substi-
tution on the phenyl ring is favored in the para position because of the
bulkiness of the thallium bis(trifluoroacetate) (McKiUop et al., 1969), and
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(a)

Fit. 3 (a) Scfatitraai of a a n a d M l e rat 12 hr after fa)ecthM «f "'I-fcCG.
N«tke risnalizatiM of Ike teata (fa the xntmm). (k) Scfatitraa *f a m l
•ale rat 12 hr after fajecrtoa of " " nf In Ntflce feck «f fecattzarJaa af the
tracer ta the testes.

the labeled product could be purified easily from the reaction mixture.
Once standardized, the method could be applied to prepare a variety of
radioiodinated phenyl fatty acid analogs for comparative biological evalua-
tion purposes. Our results in the application of this technique to radioiodi-
nate phenyl pentadecanoic acid are quite encouraging and support the
validity of this approach in synthesis of radioiodinated phenyl fatty acid
analogs for myocardial imaging and metabolic studies.

Our preliminary data with radioiodinated fibronectin are quite encour-
aging. However, further studies are needed to evaluate potential advan-
tages of this product as compared to radiolabeled fibrinogen and fragment
E protein in the same animal model. Our results are preliminary; they do
indicate, however, that 123I-labeled fibronectin may have potential applica-
tion in the detection of experimental thrombi and emboli by noninvasive
imaging techniques.

Visualization of testes in rats is feasible by using radioiodinated hCG,
and the in vivo localization of hCG in testes is specific and receptor medi-
ated. The chloramine-T and Iodogen methods provide the radioiodinated
product with similar in vivo biodistribution in rats. Radioiodinated hCG
may have application in a variety of urologic endocrine disorders and in
localizing the impalpable testes.
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CONCLUSKDNS

A method is developed to radioiodinate phenyl fatty acids (analogs)
with consistently high yields. Many interesting products that can be
labeled with 123I may be available for potential applications in cardiovas-
cular and testicular imaging studies. However, the potential clinical appli-
cations of these agents await further studies and the availability of high-
purity, labeling-grade I23I at a reasonable cost on a routine basis.
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Comparative Impurity Levels in Iodine-123
Produced by (p,2n) and (p,5n) Reactions

R. C. KLEMM, B.S., and M. R. McKAMEY, Ph.D.
Benedict Nuclear Pharmaceuticals, Inc., Golden, Colorado

ABSTRACT

Samples of two commercially available diagnostic drug products, one containing '"I produced
by the l2*Te(p,2n)—-'"I reaction and the other containing 123I produced by the
'"I(p,Jn)'"Xe-*'"I reaction, were analyzed by gamma-ray spectroscopy. The impurities [24I,
125Z, I26I, and l21Te were found in the (p,2n)-produced m I , whereas only 125I and 121Te were
detected in the (p.Sn)-produced I23I. Quantitatively, the level of impurities measured in
(p,2n)-produced I23I was substantially higher (4.0%) than that found in the (p.Sn)-produced
'"I (1.0%). Also, the gamma emissions from the impurities in the (p,2n)-produced I23I were
primarily high-energy photons (i.e., above 159 keV), which adversely affect both patient radi-
ation dose and image quality.

The radionuclidic compositions of two commercial diagnostic drug prod-
ucts containing 123I, produced by the 124Te(p,2n)123I and the
127I(p,5n)l23Xe - * 123I reactions, were investigated by gamma-ray spectros-
copy. These two reactions produce pharmaceutical-quality I23I with dis-
tinctly different impurity profiles. Iodine-123 produced by the direct (p,2n)
reaction contains a number of impurities with primarily 124I as the major
impurity. Iodine-123 produced by the indirect (p,5n) reaction contains I25I
as the only major contaminant.

High-resolution spectra were obtained with a Canberra reverse elec-
trode closed-end coaxial intrinsic germanium detector with a cooled PET
(field effect transistor) preamplifier specially modified by Canberra to
improve the signal-to-noise ratio in order to enhance low-energy resolution.
The detector crystal (30 mm by 35 mm) has a 6.88-cm3 active surface
area. A Canberra Series 80, 4096 channel analyzer, with 64K memory,
was used to perform data collection; it is interfaced to an Apple II com-
puter (48K) for all necessary computations and provides hard-copy reports.
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TABLE 1

RadkMwclMic hapwrities at Ttae of MaMrfactwen' CaHfcratioi
for (p,2»)*- art (*5a)t-Pro*K«l I U I Reported

as Perceat of Total Activity

ProdactiM
•KtiMM'

P.2nt
P,Sn

3.76 ± 0.58
§

I

0.118
1.00

Perceat oT total activity

US, • * ,

+ 0.006 0.131 ± 0.030
± 0.16 §

1;

0.0062
0.0061

21,

±
±

e

0.0028
0.0026

•For (p,2n) reaction: n « 5 , error ± 2 sigma.
tFor (p.Sn) reaction: n = 8, error ± 2 sigma.
^Values not corrected for presence of 2<Na.
§No activity detected.

Sodium iodide 123I capsules from two manufacturers were analyzed
several times during and after their useful life. Since no information con-
cerning the age of the I23I (such as the time from the end of bombardment
to time of calibration or TOC) was available for the (p,2n) radiopharma-
ccutical, all reference times such as the TOC were obtained from the
manufacturers' labeling.

The data in Table 1 summarize the results of the study. The impurities
listed do not include 24Na (<0.5%) produced in the (p,2n) reaction. At the
time of calibration, the (p,2n) product contained about 4.0% radkmuclidic
impurity, whereas the (p,5n) product contained 1.0%.

The difference in the impurity quantities is more than just numeric.
Table 2 lists the gamma-ray energies and intensities for selected radionu-
clides. The only significant contaminant produced from the (p,5n) reaction
is low-energy I2SI. The 35.5-kcV (6.7%) gamma photon from 125I presents
no special imaging difficulties, since it is well below the energy of the
imaged 159-keV gamma photon from I23I. By comparison, both I24I and
126I radiocontaminants in (p,2n)-produced 123I emit abundant and high-
energy gamma rays that might affect final image quality.

By using the measured values from Table 1 and the reported gamma-
ray intensities from Table 2, a ratio of gamma-ray impurity emissions per
each emission of the desired 159-keV photon of m I can be calculated at
the reported time of calibration. Furthermore, by decay correction this
ratio can be calculated at other times throughout the uaeful life of the
drug product. These values, shown in Table 3, indicate that the gamma-
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TABLE 2

Gamma-Ray Energies and Intensities
for Selected RadioMiclides*t

R.dkH.dMe

123, '

124f

12S,

126]

•21Te

keV '

159.0
602.7
722.8

1325.5
1376.0
1509.5
1691.0

35.5
388.6
491.2
666.3
753.8
507.6
573.1

83.3
61.0
10.1
1.4
1.7
3.0

10.5

6.67
35.0
2.2

34.0
4.3

17.7
80.3

"Photons less than 1% are not included.
tBased on Table of Isotopes. C. M.

Lederer and V. S. Shirley, 7th ed., Intersci-
ence Publishers, Inc., John Wiley & Sons,
Inc., New York, N. Y., 1978. TABLE 3

Percent Levels of Gamma-Ray Emissions
from Radbnudidic Imparities with

Respect to Useful 159-keV Photons,
as a Function of Time

ProMctioa
•ctfari

(P.2n)
(P,5n)

(P.2n)
(P,5n)

(P,2n)
(P,5n)

(P,2n)
(P,5n)

C a p *

0 (TOC»)
0(TOC)

6
6

24 (TOEt)
24

30*
30 (TOE)

%

4.30
0.09

5.62
0.12

12.79
0.30

16.82
0.41

•At time of calibration.
tAt time of expiration.
% Capsule age is beyond labeled TOE.
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TABLE 4

Comparison of Iodme-123 Levels (%)
with Respect to Total Radioactivity
at Time of Calibration (TOQ and

Time of Expiration (TOE)

ProAKtkw
metkod

(p,2n)
(p,5n)

(p,2n)
(p,5n)

(p,2n)
(p,5n)

(p,2n)
(p,5n)

•At 12 hr
tion.

CapMie
a(e, hr

O(TOC)
O(TOC)

6
6

24 (TOE)
24

30*
30 (TOE)

after labeled

Pcrceatof
1UI

95.6
99.0

94.8
98.6

88.8
96.8

85.7
95.6

time of expira-

ray quality of (p,5n)-produced m I at 30 hr after TOC is still cleaner than
that of (p,2n)-produccd m I at 24 hr after TOC.

Table 4 summarizes the radionuclidic purity data expressed as percent
of l23I as a function of time after TOC. It should be noted that, although
both preparations meet current U. S. Pharmacopeia (USP), XX
specifications at their time of expiration (TOE), the (p,2n) preparation
expires at 24 hr after TOC. Even at 30 hr after TOC, the (p,5n) prepa-
ration exceeds the 85% minimum USP standard.

In summary this study has compared the radionuclidic impurity pro-
files for two commercial I23I drug products. Although both are of pharma-
ceutical quality, I23I produced by the indirect (p,5n) reaction contains
fewer total impurities, as well as fewer high-energy photons, which affect
both patient radiation dose and image quality.



Radiohalogen-Labeling Studies
at Los Alamos

D. S. WILBUR, Ph.D., Z. V. SVITRA, R. S. ROGERS, and W. E. STONE
Medical Radioisotope Research, Los Alamos National Laboratory, Los Alamos, New Mexico

ABSTRACT

Radiohalogcn-labeling studies conducted by researchers in the Medical Radioisotope
Research Group at the Los Alamos National Laboratory are described. A portion of the
studies involved investigating in situ oxidation of no-carrier-added radiobromine (bromine-77)
and radioiodine (iodine-131) to form electrophilic radiohalogenating reagents. Oxidations of
radiobromine and radioiodine with either N-chlorosuccinimide or tert-butylhypochlorite in a
variety of solvents yielded electrophilic species that were used to radiohalogenate compounds
containing alkenes and activated aromatic rings. Since direct electrophilic substitutions are
very limited, other studies were carried out using organosilanes as intermediates to gain
regiospecificity and facilitate reactions in nonactivated aromatic rings. The investigation used
simple model compounds to evaluate the various reaction parameters necessary for optimiza-
tion of yields. Aryltrimethylsilanes were shown to give regiospecific substitution of radiobro-
mine or radioiodine, where an exchange of the radiohalogen for the trimethylsilyl group had
occurred. Furthermore, the reactions could be carried out under relatively mild conditions and
were complete in 5 min to 2 hr. Other organosilanes, i.e., organopentafluorosilicates, were
also shown to give regiospecific substitution of radiobromine and radioiodine on aromatic
rings. The pentafluorosilicates were found to have a wider application to radiohalogenations
than the trimethylsilanes since they were shown to be useful in radiobrominalions and
radioiodinations of primary alkyl positions as well.

Relatively large quantities of bromine-77 (Grant et al , 1981) and iodine-
123 are produced within our Medical Radioisotope Research Group.
Consequently, we have been very interested in methods available for incor-
porating these and other radionuclides of bromine and iodine into organic
molecules. Until recently, however, there have been very few methods of
radiolabeling with radiohalogens at no-carrier-added (nca) levels.
Radiohalogen-labeling methods such as recoil or "excitation" labeling
(Lambrecht and Wolf, 1975; Stocklin, 1977) cannot be used because of
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the very poor radiochemical yields and the nonspecific labeling obtained.
Likewise, most nca radiohalogen exchange reactions either do not work or
give very poor radiochemical yields. Thus our research efforts have been
directed toward generation of very reactive electrophitic radiohalogenating
agents to be used directly or in combination with organometallic reagents
for radiolabeling.

Generation of electrophilic radiobrominating or radioiodinating species
can be accomplished by oxidizing radiobromide or radioiodide with chcmi-
cai or electrochemical methods. Surprisingly, very few studies have been
carried out using electrochemical oxidations (Moore and Wolf, 1978).
Perhaps this comes about from the fact that there are many chemical oxi-
dants that work and they are less expensive than the requisite electrochem-
ical equipment. Chemical oxidations can be carried out with inorganic,
enzymatic, or organic oxidants. Inorganic oxidants such as KMnO*
(McElvany et al., 1981; Malcolm-Lawes and Massey, 1980), MnO2

(Spicer et al., 1977), HOC1 (Eakins and Waters, 1979), H2O2 (Katzcnel-
lenbogen et al., 1981), and Cl2 (Malcolm-Lawes and Massey, 1981) have
been used; however, these all are very strong oxidants which can oxidize
many different kinds of substrates. The inorganic oxidants are best suited
for labeling procedures wherein the electrophilic radiohalogenating species
is formed in a separate flask and is carried into the reaction vessel with a
stream of N2 or a noble gas. Distillations of nca radiobromine or
radioiodine have given only nominal transfer of radioactivity in our hands
(60 to 85%), whereas the risk of contamination of radioactivity is greatly
increased as a result of the transfer of volatile materials.

An alternative to distillation of the radioactivity is the generation in
situ of the electrophilic species by using mild oxidizing agents. Enzymatic
oxidations work well for labeling proteins (McElvany, Barnes, and Welch,
1980) since the reaction conditions must be compatible, and the purifica-
tion procedures for the different proteins can often separate out the
enzyme. However, for radiolabeling most small organic molecules, the
oxidizing agents of choice are organic. Examples of organic oxidizing
agents that can be used are N-chloroamides, chloramines, hypochlorites,
acyl hypochlorites, and organic peroxides. Several commonly used organic
oxidants are shown in Fig. 1. These reagents most likely form BrCl or IC1
in situ, which permits radiolabeling efficiencies to be greater than the 50%
obtainable with molecular bromine or iodine. Chloramine-T (designated
1) is used for either nca radiobrominations or radioiodinations (Mazaitis
et al., 1981; Petzold and Coenen, 1981; Youfeng et al., 1982). Reactions
using reagent 1 are generally run in water, but the dechlorinated analog
can be used in organic solvents as well (Coenen, Petzold, and Stocklin,
1982). Tetrachlorodiphenylglycouril (Iodogen), reagent 2, is used for
radioiodinating proteins due to its very limited solubility in water (Fraker
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and Speck, 1978; Salacinski et al., 1979). This reagent has not been suc-
cessfully used with nca radiobromine. N-chlorotetrafluorosuccinimide,
reagent 3, has been used to nca radiobrominate and radioiodinate nonac-
tivated rings (Coenen, Machulla, and Stocklin, 1979) in trifluoroacetic
anhydride. The use of this reagent is, however, limited to dry-box condi-
tions. Trifluoroacetylhypofluorite, reagent 4, has been used to radio-
iodinate, but the reaction times were very long (Coenen, El-Wctery, and
Stocklin, 1981).

Although the organic oxidizing agents 1 to 4 are available for our use,
most radiohalogen oxidations carried out in this laboratory use either N-
chlorosuccinimide (NCS), reagent 5, or tert-butylhypochlorite (TBHC),
reagent 6. Oxidation of either radiobromide or radioiodide with NCS can
be accomplished readily under neutral, acidic, or mildly basic conditions in
most organic solvents. Also, NCS is a poor chlorinating agent, so only very
small quantities of chlorinated products are formed in the nca radiohaloge-
nations. This becomes an important factor if the chlorinated products are
difficult to separate from the radiolabeled products by high-performance
liquid chromatography (HPLC). Studies of the oxidation of bromide ion in
several solvents have demonstrated that BrCl can be added to alkenes in
aprotic solvents and Br'S' (where S is solvent) is added in protic solvents
(Wilbur and Anderson, 1982). This reaction has been used to nca-
radiobrominate several different estrogen derivatives that contain unsatura-
tions (Hylarides, Mettler, and Wilbur, 1982). The radiocbemical yields
obtained have been very high (i.e., SO to 75% isolated), with specific activ-
ities >1000 Ci/mmole. This methodology has also been used to radio-
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brominate and radioiodinate the aromatic A-ring of estrogens (Wilbur,
Bentley, and O'Brien, 1981) with good radiochemical yields and very high
specific activity.

Unfortunately, NCS cannot be used for all electrophilic radiobromina-
tions (Wilbur and O'Brien, 1981). The reactions of NCS with nca Na77Br
produces an electrophilic radiohalogenating species that must react very
quickly with a substrate, or another radiobrominated species is formed
which does not react readily. An explanation for this may be apparent
from an analysis of the oxidation of bromide by NCS. The oxidation can
be thought of as a multistcp equilibrium (Scheme I) which can produce

o
1
\

N-CI
1

0

4 B ^ ^ 1
1

N e +Brd ^
/

0

N-Br + CI61

0

Scfceael BrwMe oxHttiaa hy 1

both BrCl and N-bromosuccinimidc (NBS). If the oxidation is carried out
on stoichiometric quantitites of NCS and bromide, some bromine mono-
chloride is always present (yellow coloration for days in MeOH). When a
substrate is present, the equilibrium is shifted such that all the bromide
reacts as BrCl. However, in the reactions containing nca levels of
radiobromine, NBS can be formed essentially irreversibly because of the
large quantities of NCS present for the very small amount of chloride km
to react with. The new species formed (presumably 77Br-NBS) has an
identical HPLC retention time whether a substrate is present to react with
or not. Evidence that supports the presence of radiobrominated NBS was
obtained by reacting molecular S2Br-bromine with silver succinimide. The
product of this reaction was a radiolabeled species that had a retention
time identical with the bromine-77 labeled species.

Reactions that do not proceed when NCS is used as the oxidant are
generally carried out with TBHC. This reagent is easily prepared (Mintz
and Walling, 1973) and can be stored in a refrigerator for a long time
(more than 1 year). Unfortunately, TBHC is a very good chlorinating
reagent so large quantities of chlorinated products are obtained, and these
must be separated from the desired products. However, virtually all the
radioiodinations can be done with NCS, as can many of the radiobromina-
tions.

Direct radiohalogenation by in situ generations of electrophilic
radiohalogenating reagents is limited to activated aromatic rings and al-
kenes. Furthermore, even these reactions often yield mixtures of regiobo-
mers which may be quite difficult to separate and which give reduced
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SiMe,

SiMe,

7 R = CH, 9 R = OCH3

10 R = OAc8 R =OH

Fig. 2 ArykriaetfcyUUaes u 1

11 R = Cl

radiachemical yields of the radiolabeled isomer that is desired. We there-
fore became interested in the use of organometallic intermediates to intro-
duce radiohalogens regiospecifically into organic molecules. Aryltrimethyl-
silanes were chosen for the study because they are very stable compounds
that do not require special handling techniques. Also, the aryltrimethylsi-
lanes can be synthesized by a number of methods (Habich and Effcn-
berger, 1979) and have been shown to rapidly undergo ipso elcctrophilic
substitution reactions (Chan and Fleming, 1979; Eaborn, 1975).

A study of the reaction of nca radiobromine and radioiodine with sev-
eral model compounds was carried out to optimize the radiochemical
yields. The model compounds, i.e., aryltrimethylsilanes 7 to 12, contained
several different functional groups with the trimethylsilyl group ortho,
meta, or para to them as shown in Fig. 2. Initial studies were carried out
with the three regioisomeric trimethylsilyltoluenes, 7a to 7c, to determine
the regiospecificity of the reactions (Wilbur et al., 1982). The reactions
were studied with bromine-82 and carrier-added (ca) iodine-131 (Table 1)
and were found to be completely regiospecific. Reactions with nca bro-
mine-77 and iodine-131 yielded reduced radiochemical yields, but they
were also found to be regiospecific. Although NCS worked well as an oxi-
dant for low-specific-activity radiobrominations, TBHC had to be used in
the nca radiobrominations. Similarly, the radioiodinations proceeded well
at room temperature for ca levels of radioiodide, but elevated temperatures
were needed for the nca radioiodinations.

Investigation of the ca and nca radiohalogenations of trimcthylsilyl-
phenols 8a to 8c demonstrated that these reactions were not regiospecific
(Wilbur, Stone, and Anderson, 1983). Deactivation of the aromatic ring
toward electrophilic substitution by synthesizing the methyl ether deriva-
tives of the phenols, i.e., anisoles 9a to 9c gave rcgiospecific radiohalogena-
tions for the ortho and para regioisomers but not for the meta isomer 9b.
Further deactivation of the aromatic ring in the acetoxy compounds 10a to



TABLE I

RadiotMtogetudoas of Trimet5iyls»yttol««es»

7a

7b

7c

RmtiM
! ttae

5 min

)br

5 min
20 min

Ihr

5 min
10 min

Ihr

RaAAtoi
NCS-^Br

•iMttaat,*
TBHC-77te

Sdrtmt

MeOH

93

94

62

80

92

93

MeOH

46

52

40

67

58

63

TBHC-rtBr<<») Nl

Sdrtmt

TsOH-MeOH

21

61

3

13

17

64

RatfoMlMtioas, %

HOAc

81

97

6!

88

92

96

TBHC-131! 1

Sotww

T»OH-MeOH

8
44

18
20

17

NCS-IMI

m.\c

72

75
93

65
81

•Values were obtained by radio high-performance liquid «hront«togr«phy (HPLC) and repretent percentages of
radioactivity that eluted at the same retention time as the corresponding arythatide.
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TABLE 2

RatiokalofeMtKMH of TriwrtkybilylpheMl Acetates*

Ctafomi

10a
10b
10c

NCS-BT

92
96
92

NCS-«Br-

92
91
95

TBHC-^Br

78
60
76

RatfeM
NCS-1"

92
84
86

fciaWiai, %
NCS-IM|-

86
87
79

'All reactions were run in HOAc at 60°C. The values for the stable
halogenations were obtained by ultraviolet analysis of high-performance liq-
uid chromatography (HPLC) peaks. The values for radiohalogenatkms are
the percent of total activity seen by radioHPLC.

10c, gave regiospecific incorporations of nca radiobromine and radioiodine
in very good radiochemical yields (Table 2).

To complete our investigation of the use of aryltrimethylsilanes as
intermediates in radiohalogenations, we needed to study a few reactions of
deactivated aromatic rings. Since the regiospecificity of the reactions had
been well demonstrated in the previous reactions, only the para-
substituted aromatic rings 11a and 12a were studied. As might be
expected in electrophilic reactions, the more deactivated the aromatic ring,
the lower the radiochemical yields (Table 3).

TABLE 3

Radiocbeokal Labeling vs. Fwctioul Grmaf

TBHC-Na 7 7 * (aca) NCS-Na IMI (aca)

10a
9a
7a

lla
12a

R = OAc
R - OMe
R - Me
R - Cl
R - CO2H

92
91
74
76
73

86
84
74
66
62

Although the use of aryltrimethylsilanes as intermediates in nca
radiobrominations and radioiodinations was demonstrated to work quite
well, this methodology had two shortcomings which needed to be further
addressed. The fact that (1) reactions of aryltrimethylsilanes with nca
radioiodine required relatively harsh reaction conditions for some com-
pounds and (2) only aromatic rings could be radiolabeled led to an investi-
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gation of more reactive silanes for radiohalogenations. Organopentafiuoro-
silicates had been shown to readily undergo substitution by halogens to
yield alkyl and aryl organohalides (Tomao et ai., 1982; Kumada, Tamao,
and Yoshida, 1982). Therefore we chose these air- and moisture-stable
compounds for study as intermediates in nca radiohalogenations (Wilbur
and Svitra, 1983). Reactions of some alkyl- and aryipentafluorosilkates
with nca radiobromine and radioiodine demonstrated that the; were very
reactive intermediates giving very good radiochemical yields for primary
alkyl radiohalogenations and aryl radiohalogenations (Table 4). All the
reactions were found to occur equally weU in MeOH or HOAc and almost
instantaneously at room temperature. The highly insoluble pentafluoro-
silicate salts that did not react were simply filtered out of the resultant
reaction mixture.

Many radiohalogen-labeled compounds are currently being studied as
potential new radiopharmaceuticals. The methods used to radiohalogenate
these compounds are often inadequate, leading to low radiocbemical yields
and poor specific activities. We feel that the research described herein will
provide some general techniques for radiobrominating and radioiodinating

TABLE 4

Radiokalogeaatioas of OrguMpartafhoroeilicates*

R-SiFgK2
•X7« R-*X

•f.t%
Comfomi R SMreM TBHC-77Br NCS-13II

13

14

15

16

17

18

CH3CH2-

C H 3 C H J C H 2 C H 3 C H 2 C H J

MeOH
HOAc

MeOH
HOAc

MeOH

MeOH
HOAc

MeOH
HOAc

MeOH

86
82

81
82

81

90
86

89
85

96
89

77
94

86
74

88
86

94 91

'Reactions were run at room temperature. Reaction times were <S min for radiobromiiia-
!ions and <10 min for radio«odin»tions.

tRadiochemica) labeling efficiencies are taken at percentages of total activity oa
radiochromatograms which is anodated with the product.



RAUOHALOGEN-LABEUNG STUDIES AT LOS ALAMOS 483

many different compounds. We are presently exploring the application of
these techniques in radiohalogenating a number of compounds of interest.
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Problems and Pitfalls in Bifunctional
Chelate Labeling with Indium and Gallium
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WICHIT CHANACHAI, Ph.D.
School of Pharmacy, University of Southern California, Lot Angeles, California

ABSTRACT

Although radiondination it currently a conventional method of labeling proteinc, tome prob-
lems inherent to iodimtkms are still raited. One alternative to radioiodijution it the prior
binding of a chelating moiety to a protein followed by purification of the complex. The bud-
ing thus of short-lived radionuclides such as '""In and **Ga is then a terminal step providiag
proteins cf potentially high specific activity. The problems and pitfalls in biftnctional chelate
labeling with indium and gallium in comparison with iodination are discussed.

The labeling of proteins with short-lived radionuclides can be accomplished
by using a variety of nuclides and techniques. Whereas iodination >"'
currently the conventional method of labeling proteins, even the use of I23I,
the "short-lived" iodine, although possible, still raises all three problems
inherent in iodinations,

1. The iodinated protein must be thoroughly purified after the iodina-
tion reaction, to remove not only excess radioiodidc but also dimers and
trimers formed as a consequence of the iodination.

2. Sensitive functional groups (e.g., mercaptans) may be oxidized
during the iodination, thereby inhibiting or destroying the biological activ-
ity of the proteins.

3. Finally, even when using no-carrier-added 123I, the specific activity
attainable with a 13-hr-half-life radionuclide may not be high enough for
the detection of small traces of receptor sites or of antigens.

One alternative to radioiodination is the prior binding of a chelating
moiety to a protein, followed by purification of the complex. The binding
of the short-lived radionuclide is then a terminal step providing proteins of
potentially high specific activity, as documented in recent publications
from our laboratory (Gokce et al., 1982a; 1982b).
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Radionuclides that appear to be particularly desirable for binding to
such protein-chelon complexes are "3mIn and MGa. Both are short lived,
with half-lives of 99.8 and 68 min, respectively. Both are available from
long-lived parents in well-established generator systems, and both are
trivalent metals that complex easily, readily, and specifically to chelons
such as DTP A and desferrioxamine (DF).

Although radioiodination must usually stop at one, or at most a few,
iodine atoms per protein molecule, there is not such immediate limitation
when bifunctional chelates are used. Iodination occurs preferentially (or
exclusively) on tyrosyl residues, in the ortho- position, and results in a sig-
nificant change in the pK of that phenolic function. Binding of bifunc-
tional chelates, however, although it may involve these same tyrosyl groups
when the diazo-coupling method is used, is usually accomplished at the
free carboxyl functional group of aspartic or glutamic acid or at the termi-
nal amico group of lysine. Any pK changes are less likely to occur follow-
ing such conjugations, thereby allowing for the binding of several chelons
per protein. Two additional factors that are important in considering the
use of such short-lived radionuclides for the labeling of proteins relate to
their relative specific activities. First, 68Ga has a maximum theoretical
specific activity that is 10 times higher than I23I, assuming that no carrier
has been added. This can be easily accomplished with a generator, where
each elution removes any carrier from the column, and where the eluting
solutions can be thoroughly purified of trace metals. Second, because of
the short half-life of these radiometals, it is possible to repeat a study after
only a few hours, an important requirement for differential saturation.
Theoretical calculations show that, for a protein of a molecular weight of
150,000 to which one bifunctional chelate has been attached, labeling with
I13mIn should lead to a specific activity of 12.5 mCi/jig, and of 18.3
mCi/pg for 68Ga. Considering now, for model studies, their longer lived
isotopes, labeling with 67Ga should, also theoretically, lead to proteins with
a specific activity of 267 ftCi/pg, and labeling with l n In should lead to a
specific activity of 306 pCi/pg. However, neither in the work carried out
in our laboratory nor in any of the studies reported in the literature
(Meares et al., 1976; Halpern, Hagan, and Garvcr, et al., 1978; Khaw
et al., 1980; Hnatovich and Schlegel, 1981; Yokoyama et al., 1982) has
anybody achieved a specific activity higher than 1 pCi/pg for M1In and
0.1 to 0.5 fid/fig for 67Ga-labeled proteins. Why such low values? What
are the phenomena that preclude our achieving >0.3% of the theoretical
specific activity? We wish to report data here which suggest that the bind-
ing of a bifunctional chelate to a protein results in structural modifications
and in interactions which compete with, and thereby hinder, radiometal
binding. Our data suggest that bifunctional chelates can bind to proteins
both by the intended covalent linkage and by noncovalent bonding. More
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critical, however, is the fact that the covalcntly bonded chclons can
interact further with the protein to form noncovalent bonds, thereby block-
ing their ability to bind radiometals. If our calculations are correct, such
chelon-protein interactions may block over 90% of the bound chclons.
Knowledge of these phenomena may now allow us the development of stra-
tegies which will fully retain the binding capacity of such bifunctional
chelons for short-lived radiometals.

Desferrioxamine is a very strong chelon for gallium, whose stability
constant (log K - 30.6) (Goodman et al., 1979) is higher than the sta-
bility constant of the gallium-transferrin complex, estimated at log K «
26 (Raiszadeh and Harwig, 1983). Hence a protein to which DF had been
complexed would retain its radiogallium after injection, another require-
ment for protein labeling if such proteins are to be used in vivo.

The coupling of DF to human serum albumin (HSA) as the model pro-
tein was effected by using a water-soluble carbodiimide, [1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide HC1], i.e., EDC (Janoki et al.,
1984a, 1984b), or glutaraldehyde as the coupling agent, at pH values of
4.7 and 7.4, respectively. Such conjugates were then purified extensively
by dialysis and gel filtration. Labeling with *7Ga citrate was carried out at
pH 7.4 in the presence of bicarbonate. Amounts of 67Ga citrate equivalent
to 50 to 100 pCi/mgof protein were used, and the reaction mixture was
analyzed on a Sephadex G-50 column. The specific activities attained by
these techniques ranged from S to 50 jtCi/mgof protein, which represents
at best 0.02% of the theoretical maximum. The conjugated proteins were
then subject to denaturation with 7.5M urea, which resulted in an increase
in specific activity of the (denatured) 67Ga-DF-HSA to 100 to 1500
/iCi/mgof protein. This 20- to 30-fold increase in specific activity suggests
that most of the desferrioxamine bound to HSA was in fact not available
for complexing gallium (and other radiometals) but was internally com-
plexed to the albumin's own cationic centers.

Work carried out recently at our laboratory appears to confirm the
hypothesis presented in this paper. Proper modification of the labeling pro-
cedures has allowed us to achieve specific activities higher than 250
pCi/pg by using l l3mIn as the radiometal (3% of theory) (Chanachat
et al., 1983).
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ABSTRACT

A new radioiodinated tellurium fatty acid in which iodine-123 has been chemically stabilized
by an attachment to the para position of a terminal substituted pbenyl ring
(p-I-CjH4-R-Te-R'COOH) has been prepared for evaluation as a myocardial perfuston agent.
The synthesis of 15-p-[l23I]iodopbenyl-Mellurapentadecanoic acid was achieved by combining
9-(p-[l23I]iodophenyl)nonyl chloride with sodium(methylvaleryl)teUuride. The 9-(p-[123I]-
iodophenyl)nonyl chloride was prepared by a triazene decomposition reaction involving hydro-
gen [l23I]iodkle treatment of the piperidinyHriazene of 9-{p-aminophenyl)nonyl chloride. Tis-
sue distribution studies in female Fischer rats showed a rapid and pronounced uptake (3.30 to
4.86% dose per gram of tissue after 5 min) and prolooged retention (3.42 to 5.83% dote/g
after 2 hr). The initial beart-to-blood ratios were high (42.37:1 after S min) and remained
high for several hours (19.37:1 after 2 hr). Deiodioation of this agent was minimal since the
thyroid uptake was low (4.72 to 8.95% after 2 hr).

The iodine-123- and iodine-131-labeled analogs were also prepared by tbe same route and
evaluated extensively in female Fischer rats for up to 5 days. Radiation absorbed dose esti-
mates were calculated by tbe MIRD technique. Radiation dote estimates were made on the
basis of rads per millicurie of injected 15-(p-t'aI]iodophenyl)-6-teUurapentadecanoic acid:
heart waU, 0.19 rad/mCi; liver, 0.42 rad/mCi; ovaries, 0.089 rad/mCi; and total body, 0.054
rad/mCi. These preliminary studies indicate that tbe ioduw-123-labeled tellurium fatty acid
is stable to in vivo deiodination and exhibits prolonged myocardial retention in rats and dogs.
The iodine-123-labeled compound is an attractive agent for further evaluation as a myocar-
dial perfuskm agent.

Radiolabeled long-chain fatty acids have important applications in nuclear
medicine for the evaluation of myocardial perfusion and for the potential
measurement of regional myocardial fatty acid metabolism. The terminal
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l23I-labeled long-chain fatty acids are the most extensively investigated
agents of this type. Feinendegen and co-workers have used
17-[mI]iodoheptadecanoic acid in humans to measure differences in
regions of abnormal and normal fatty acid metabolism and in various
types of cardiomyopathies (Feinendeg^n et al, 1981; Freundlieb et al.,
1980). The widesp. ad clinical use of the agents, however, may be limited
because of significant radioactivity remaining in the blood pool. Despite
these problems 17-[l23I]iodoheptadccanoic acid has apparently proven to
be a useful probe of regional fatty acid metabolism when special correction
methods are applied to account for the activity in the blood pool.

We have evaluated a new class of agents in which the tellurium
heteroatom has been incorporated into the fatty acid chain as a means of
inhibiting metabolism. The results of tissue distribution studies with a
model agent, 9-['23mTe]tclluraheptadecanoic acid (i.e., 9-[123mTe]THDA),
have demonstrated that this agent shows pronounced heart uptake,
prolonged myocardial retention, and very high myocardial : blood ratios
in rats and dogs (Knapp et al., 1981; Elmaleh et al., 1981; Okada et al.,
1982). If such unique "trapping" reflects the metabolic integrity of the
myocardium, these fatty acid analogs may be useful for the heart in the
same manner that 2-fluoro-2-dcoxyglucose has been used in the brain.

Because of the attractive radionuclidic properties of iodine-123 (T^,
13.2 hr; gamma ray, 159 keV), several strategies have been explored to
chemically stabilize radioiodine on tellurium fatty acids. Studies by other
workers have demonstrated the significant heart uptake and in vivo stabil-
ity of radioiodinated lS-(p-iodophenyl)pentadecanoic acid (Machulla,
Marsmann, and Dutschka, 1980; Machulla et al., 1980; Dudczak et al.,
1981). Because of the potential clinical importance of using the trapping
of radioiodinated tellurium fatty acids to diagnose heart disease, we
directed the present studies toward preparing a "bifunctional" agent con-
taining nonradioactive tellurium to "trap" a fatty acid radiolabeled with
iodine-123. The approach described here involves the attachment of the
para-iodophenyl moiety to the terminal position of a model tellurium fatty
acid. In this investigation we report the synthesis (Schemes I and II), tis-
sue distribution in rats (Table 1), and radiation dose estimates (Table 2)
of lS-(p-[123I]iodophenyl)-6-tellurapentadecanoic acid (X in Scheme I).

The route (Scheme I) chosen for introduction of iodine-123 into
the para position (X) involved the decomposition of the aryltriazene
intermediate (V). This method is attractive because the decomposition
reaction can generally be performed rapidly (<5 min) on a small scale
and the para-iodophenyl products are often obtained in high yield. These
characteristics are particularly attractive for the preparation of high-
specific-activity products labeled with the short-lived iodine-123. The
iodine-123 was obtained by decay of l23Xe that was produced in the
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TABLE 1

Distrihrtioa of Ratio* tfvity ia Times of Female Fischer 344 Rats After
Iatraveaoas AdaNlstratioa of lSKH'^PodopheaylH-Tellarapeatadecaaoic Acid

(Perceat of Iajected Dose per Great of TSSMM)

Time

Ttae after hiKtiw

lhr 2hr

Blood
Liver
Heart

Lungs
Thyroid
Heart: Blood

0.11 (0.07-0.14)
6.59 (4.28-7.96)
4.45 (3.30-4.86)

1.04(0.77-1.19)
7.37 (4.14-9.29)

42.37
(35.05-60.39)

0.39 (0.27-0.71)
6.33 (5.97-6.74)
5.60(4.97-6.29)

1.28(1.04-1.59)
8.62 (6.99-9.81)

16.30
(7.04-23.26)

0.48 (0:25-0.94)
5.43 (4.54-6.00)
4.40(2.94-5.68)

1.27 (1.22-1.36)
7.10 (6.07-8.08)

10.48
(6.03-15.70)

0.23 (0.21-0.25)
5.95 (5.50-6.64)
4.50(3.42-5.83)

1.16(1.02-1.29)
6.85 (4.72-8.95)

19.37
(14.36-24.39)

TABLE 2

Comparisoa of Estimated Hamaa Absorbed Radiatioa Dose (Radiatioa Dose
per Millkurie) Values from 15^H1UlIIodopheayl)^TeU«ra»eatadecaaoic Acid

(123I-TPDA), 9-(123aTerreU«raaeptadecaaok Acid
(i"-Te-9-THDA), aad HMIHM-201 M I

Apt*
Orgaa

Heart wall
Kidney
Liver
Lung

Ovary
Tcjtej
Total body
Thyroid

laI-6-TPDA

0.19

0.42
0.077

0.089
0.028
0.054

•"•Te-9-THDA

2.0
5.0
2.1
1.5

1.7
1.4
1.5

»'T1

0.32* 0.17f
0.52* 0.39t
0.43* 0.15t

0.25* 0.30t
0.07* 0.24t

•Bradley-Moore et al., 1975. tFeller and Sodd, 1975.

Brookhavcn Linac Isotope Producer (BLIP) by the 127I(p,5n)mXe reac-
tion. Treatment of l-chloro-9-(p-aminophenyl)nonane (IV) at 0°C with
nitrous acid, followed by aqueous piperidine and subsequent purification
by adsorption chromatography, gave l-[4-(l-chloro-9-phenylnonyl)-
-3,3-(l,S-pentanediyl)] triazene (V) in 40% yield. Compound V was added
to a solution of acetone (0°C) containing iodine-123 (specific activity, 120
mCi/mmolc) and trifluoroacetic acid (four equivalents). After S min the
triazene decomposition was complete, and, after purification by column



492 GOODMAN ET AL

chromatography, the p-([l23I]-iodopbenyl)nonyl chloride (VI) was obtained
in 20% yield. The p-([mI]iodophcnyl)nonyl chloride (VI) was then cou-
pled with sodium <methylvakryl)telluride (VII) to afford methyl-15-
(p-[123I]iodophenyi)-6-teUurapentadecanoate. After column purification the
ester was hydrolyzed with base to give 15-(p-[l23I}iodophenyl)-
6-teilurapentadecanoic acid (X) in 10% overall yield (Scheme II).

Tissue distribution studies were performed in rats at various time
periods from 5 min to 2 hr (Table 1). These studies illustrate that tbe
terminal para-iodophenyl moiety does not interfere with the myocardial
specificity observed earlier with 9-[123"Te]THDA. After 2 hr the heart
retained 90% of the maximum uptake observed after 30 min. The mean
heart : blood ratios were 42 : 1 at 5 min and 19 : I at 2 hr. Only mar-
ginal radioactivity accumulated in die thyroid tissue: 7.37% dose per gram
of tissue after 5 min and 6.86% dose per gram of tissue after 2 hr. Excel-
lent myocardial images were obtained in a dog with normal myocardial
perfusion, and defects were clearly observed after ligation of the left ante-
rior descending coronary artery (Fig. 1).

The iodine-125-labeled analog was also prepared by the same route and
evaluated extensively in female Fischer rats for up to 5 days. Radiation
dose estimates by the MIRD technique projected a low radiation dose to
humans (Coffey, Goodman, and Knapp, 1982). These studies were con-
ducted over a 5-day period or 9 half-lives for iodine-123. These radiation
dose values are compared with values for 9-[l23"Te]THDA and thallium-
201 in Table 2. The organ projected to receive tbe highest radiation dose
from lS-(p-[t23I]todophenyl)-6-tellurapentadecanok; acid is the liver (0.42

(b)

1 Sttwfrt Mt iutmt ritn «r tfce tm—ry m*my fa « *H **
cntt-«f 15-(HlaI>r li|>ni]l) C HlpijiiiHlicmi: tdi.(»)N«—I.») hOumtt.
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rad/mCi). An injected dose of 250 mCi may be sufficient for myocardial
imaging in humans, which would result in an absorbed liver dose of only
—100 mrads. The pronounced heart uptake, minimal deiodination, rapid
blood clearance, and prolonged myocardial retention of 15-(p-
[l23I]iodophenyl)-6-tellurapentadccanoic acid suggest that the 123I-labeled
analog is an attractive agent to evaluate myocardial perfusion.
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Total-Body Iodine-123 Scanning

ROBERT C. GARCIA, M.D.
Department of Radiology, Northern Virginia Doctors Hospital,
Arlington, Virginia

ABSTRACT

Iodine-123 is ideally suited as an imaging agent for metasutk disease in patient* with post-
ablative carcinoma of the thyroid, utilizing conventional single-pass total-body bone-scanning
equipment. The 159-keV energy can be satisfactorily collimated with the majority of
technetium-99m collimators in use, with no significant septal penetration and consequent loss
of spatial resolution. The scanning dote used has been 500 jiCi of iodine-123 given orally 6 to
8 hr prior to scanning. Total-body scan usually requires 35 to 45 min. Additional static spot
films of the neck and thorax to 50,000 counts require an additional 10 min. Twenty-six
patients have been followed with this technique over the past 5 yean with satisfactory results.

Iodine-123 has many characteristics that favor its use in diagnostic and
follow-up studies in patients with carcinoma of the thyroid. Among these
characteristics are: (1) favorable energy to use available collimators which
were designed for technetium-99; (2) the 83% abundant 159-keV gamma
rays which are accurately resolved in scintillation crystals of only 1-cm
thickness with greater than 80% efficiency, which permits the use of high
spatial resolution collimators with relatively thin septae; and (3) radiation
dose to the patient reduced by greater than 90% as compared to iodine-
131 use.

Because of binding with blood proteins, technetium-99 has a much
higher background contribution in carcinoma of the thyroid imaging as
compared to iodine-123. The iodine-123 image therefore has a much
higher target-to-background ratio, which is very important when the tissue
uptake is extremely low or when there is bony masking as in substernal or
subclavicular metasta.tic disease.
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Single-pass wide-field-of-vicw scintillation cameras, which were origi-
nally used in bone-scanning applications, offer a rapid and comprehensive
technique for detection of metastatic disease in patients who have under-
gone previous ablation therapy.

The purpose of this paper is to summarize work in progress over the
last 5 years in the use of iodine-123 for diagnosis and follow-up survey in
patients who had undergone either postoperative or postablation therapy
for papillary, follicular, or combined papillary and follicular carcinoma of
the thyroid.

METHOD

Diagnosis

Patients with suspected thyroid nodules were scanned with the follow-
ing techniques:

• Iodine-131 rectilinear scan with careful palpation under the detector
with the aid of the light-beam localizer, using a 50- to 100-/tCi oral
dose with scanning at 24 hr.

• Iodine-123 pinhole collimator scan with the aid of a point source for
nodule localization, using a dose of 100 pCi of iodine-123 given
orally, with scanning of the thyroid at a 6-hr interval.

Patients with demonstrated cold nodules in some cases were examined by
contact, B-mode ultrasound to rule out cystic disease. Cysts are percutane-
ously drained for histopathology.

Therapy

Twenty-six patients had surgical removal of the cold nodule. In
patients with no capsular extension, lobectomy was performed. Three to
four weeks later an ablation dose of 30 mCi of iodinc-131 was given orally
for ablation of residual thyroid tissue. This was usually preceded by par-
en teral thyrotrophin, 10 units, for 3 days before the oral therapy.

Patients with nodule size greater than 1 cm, with capsular invasion,
vascular invasion, or lymph node involvement, had total thyroidectomy and
were followed in 4 to 6 weeks with a therapeutic dose of 150 mCi of
iodinc-131. The patients were given thyrotrophin as above, with replace-
ment thyroid hormone withheld during the postsurgical interval.

Follow-Up Scan Procedure

Total-body scanning with a supplemental high-resolution area view of
the neck and thorax is scheduled at 6 months after radioactive iodine-131
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therapy. Thyroid replacement is withheld for 4 to 6 weeks before the scan.
In the absence of hypcrsensitivity to the drug, thyrotrophin is again given.
Iodine-123 in an oral dose of SOO to 600 fiCi is given early in the morning
with the scanning performed 5 to 7 hr later. Scanning time is approxi-
mately 20 rain for the total-body scan. The scanning interval is extended
to annual reexamination, following initial negative study, using iodine-123.
All patients received a postablation iodine-131 rectilinear scan of the neck
and upper thorax. This was scheduled 7 to 10 days after the therapeutic
dose so as to achieve suitable count rates for the scan procedure.

CLINICAL RESULTS

To date, two patients with local metastatic disease have had successful
surgical reexploration and ressction. One additional patient, with subster-
nal and infraclaviculai uptake on the second annual scan, underwent exter-
nal beam therapy, with no clinical symptoms or residual uptake three
years after external beam therapy.

TECHNICAL COMMENTS ON SCAN FINDINGS

Iodine-123 localization is normally present in the salivary glands, in the
stomach, and to a lesser extent within the urinary tract. Occasional uptake
pattern is seen in the small bowel, particularly the duodenum. Rarely
radiotracer is evident in the esophagus. When esophageal or intestinal
activity is present, a rescan following oral water or a small meal will show
absence or progressive movement of the activity.

CONCLUSION

Iodine-123 total-body single-pass scanning offers an accurate and con-
venient method for evaluating thyroid carcinoma patients who have under-
gone ablative iodine-131 therapy.



Short-Lived Radionuclide Users'
Consensus Panel

FREDERICK J. BONTE, M.D., Chairman
University of Texas Health Science Center, Dallas, Texas

G. STOCKLIN, Ph.D., D. SILVESTER, Ph.D., M. BLAU, Ph.D.,
G. W. KABALKA, Ph.D., D. M. WIELAND, Ph.D., S. J. DeNARDO, M.D.,
and R. C. REBA, M.D., Panel Members

Bonte: On today's program the first of three panels scheduled will be
a users' consensus panel. As Dr. Wellman envisioned it, the eight panel
members would each make an opening statement about five minutes long.
At the end of the group's statements, the panelists will interact with and
answer questions from members of the audience. Dr. Stticklin will speak
first.

Stocklin: Yesterday we heard from different groups many things
about new fatty acids, and the point was made that some of them have a
lower blood background and some of them stay longer or are trapped in
the heart. That seems beautiful, but I think most of these groups are really
missing the point. We must keep in mind what we really want to do with
these fatty acids, and that is not imaging. Henry Wagner phrased it very
nicely when I talked to him yesterday. He said, "What we want to do is
regional biochemistry; that is, in order to do this we have to know the bio-
chemistry of the fatty acid analogues in the heart muscle and the physiol-
ogy going on in the cell, and we have to know the kinetics. Then we may
be able to quantify." So let me destroy some illusions on fatty acid ana-
logues.

There was a lot of talk about halophenyl fatty acids. But at the maxi-
mum uptake, an enormous amount of organic catabolites are in the heart
muscle (Fig. 1). So this is very hard to distinguish and to subtract. There
are several species, and, unless you know them and you know their kinet-
ics, it will never be possible to quantify. You have to know the regional
biochemistry; the figure shows what I mean. It illustrates the pharmaco-
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kinetics of the organic species from a halophenyi fatty acid in the heart
muscle; you can see there are at least thTee different organic species.
These are mainly the water-soluble catabolites, which first go up and then
come down; then there is the halophcnyl fatty acid itself. There is also
halophenylpropionic acid as the catabolite from beta oxidation. They all
have a relatively high abundance and they all have different kinetics, but
the detection device cannot distinguish between these species. That means
we will not be able to do any quantitation. Therefore 1 also question the
historical remark made yesterday about the early work with fatty acids,
which was that they had already given quantitative elimination times and
things like that. You cannot obtain realistic elimination times; these times
are meaningless unless you know where they come from. This requires
background correction.

In the case of the omega-halo fatty acids, this correction is relatively
easy because there is practically only the free haiide, and you have a cor-
rection method by means of postinjecting free haiide as a standard and by
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measuring in a neutral region over the vena cava and over the region of
interest. You have, therefore, a simple relation for correction (Freundlieb
et al, 1980). You can then obtain true elimination times. As far as the
halophenyl fatty acids or even the tellura fatty acids are concerned, I think
they will not be useful unless you know what happens in the heart muscle.
The biood background is lower, and the elimination is slower. That is fine,
and they may stay in the heart forever, and the statement has been made
that this is a trapping mechanism similar to that for FDG
(fluorodeoxyglucose), so you might be able to quantify; but we don't know
anything about the metabolism. With FDG we know it is metabolically
accepted; it is phosphorylated and then trapped. What do we know in the
case of the tellura or omega-halo-tellura fatty acids? What happens meta-
bolically in the cell? We don't know. We just know it is trapped and it
does not come out for a long time. It may very well be that it is hydro-
lyzed and ends up as tellurium dioxide. So there is no way of quantifying
or making quantitated heart muscle studies or, as Henry Wagner puts it,
of studying regional biochemistry, unless you really know the biochemistry
in the heart muscle for these particular fatty acids. Just for making pic-
tures, these fatty acids are too expensive.

As I pointed out yesterday, everyone who studies fatty acids has to
cope with the model and with the metabolic acceptance. They have to cope
with beta oxidation in the mitochondrion, and, finally, they have to cope
with the fate and elimination of the label. Unless we understand this, we
will only make nice pictures. We may even get half-times that are mean-
ingless, but we will never be able to quantify it.

Bonte: It might make things more interesting if we intersperse some
questions from the floor with the panelist's presentation. Are there any
questions for Dr. StScklin? Yes, Dr. Wagnsr.

Wagner: This question is not only for Dr. StScklin but it is also for
Dr. Friedman and Dr. Harper. Dr. Stocklin pointed out yesterday the tre-
mendous advantages of bromine-75 as a label, particularly when you want
very high specific activity in studying receptor binding. I would like to ask
Dr. Stocklin his opinion about the probability that bromine-75 could be
produced locally by using compact hospital cyclotrons. If he thinks it could
not, what does he propose as a possible mechanism by which bromine-75
could be made more readily available? Would it be possible for Dr. Fried-
man and Dr. Harper to also comment on that?

Stocklin: That is a very interesting question. In fact, when you have a
compact cyclotron like yours, or the cyclotron that Mike Welch has in St.
Louis, that means you have available only 15-MeV deuterons. The only
choice for making bromine-75 is indeed the (p,a) reaction on krypton that
Dr. Friedman reported on yesterday. The people at Argonne, however, are
experienced target people, and I don't know whether a medical hospital
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that has to deal with a gas target with a filling which costs on the order
of $10,000 wculd like to handle these gas targets. If one of the windows or
a gas target breaks, you lose the gas and $10,000 is gone. So in the first
place it might be an expensive target unless you are able to recover the
enriched isotope without loss. The second point is, if you start with 15
MeV, you do not have on the gas target 15 MeV. Most important, the
data Dr. Friedman showed were extrapolated from microcurie to millicurie
data. This is always dangerous. Usually the percent yields go down when
you go to higher beam intensities, and his highest extrapolated batch yield,
if I remember correctly, was 68 mCi. Even if he gets this extrapolated rel-
atively high yield, it is just at the lower level of what you really need.
When you want to prepare a relatively difficult compound, say a com-
pound with a three-step synthesis, you consider the half-life and
radiochemical yield, bromine-75 in this case; then you rather want some-
thing of the order of 100 mCi. In conclusion, I would say it is the only
way out for people with 15-McV protons, but whether it is a practical way
is hard to say. Perhaps Dr. Friedman can make a statement about that.

Friednun: Most of what Dr. StScklin said is certainly correct. The
difficulty, as you gathered, is that the enriched krypton costs about $9600
for our particular target. I must point out a few things, though. One is
that we have used the identical target assembly for making rubtdium-81
now for four or five years. In that case we use a different krypton isotope
because we use the (d,n) reaction as opposed to the (p, a) for the bromine,
but everything else is the same. We have run those targets now for as long
as three years with the loss of probably 5% of krypton. There has never
been a window broken. We had one leak, but at Argonne we have a dual
window. We also collect the helium from between the windows so we can
pick up any leaks, but there never has been one. We also have a target at
the University of Chicago, which Dr. Harper has been using, and there is
no problem. The cyclotron operator, who is in nuclear medical technology
and who was trained for about a week, has run that successfully. For a
long period we were running two or three times a week with it. So the
answer is "Yes, it is feasible to produce bromine-75 by using a small medi-
cal cyclotron in a hospital." You may risk the potential loss of krypton,
but that's about it.

On the other point it is true you cannot make as much as you can with
a big machine. If we want to irradiate arsenic-75 with helium-3 at the
Argonne 33-MeV cyclotron, we can make all the bromine-75 we want, as
much as 400 mCi in one shot. On the other hand, it is a messy job and
you need a big machine. Many of the reactions, the chemical reactions we
use—exchange reactions, and the like—all of these, even at a carrier-free
level, have chemical yields on the order of 30 or 40%. The set of data that
I showed yesterday was indeed an extrapolation, from a paper written
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about eight months ago. Since then we have at 14 MeV run almost up to
saturation, and indeed the yields are of the order that we stated. You can
make 30 or 40 mCi. You may not be making 50 or 60 mCi, but you will
be getting into the 30- or 40-mCi levels. I believe some of you who have
used gas targets are aware that gas targets are nonlinear at high beam
densities for a multitude of reasons. You can get around this by using
longer targets and by changing the beam density. It is a technical problem,
not a major one. The people at Brookhaven have worked out almost all the
parameters for dealing with gas targets, and we have, too. So that it is
quite feasible and it is all published.

You can do most of these bromination reactions at relatively high
yields. It's not like iodine, and, if you are clever in the chemistry, it is fea-
sible and most of the things that Dr. Stocklin has quoted are in that range.
So the answer, I think, is yes. It is feasible if that is all you have. You will
not be making 300 or 400 mCi. You are not going to be a producer of
bromine-75, but, for single-patient experiments or even two-patient experi-
ments, it is a feasible isotope to use with this small medical cyclotron.

Bonte: The next presentation is by Dr. Silvester.
Silvester: You will have gathered from what I said yesterday that the

Hammersmith Hospital—for the time being, perhaps I should say—is not
in the business of producing iodine-123. However, that is not to say that I
am not conscious of a demand for iodine-123 in the United Kingdom. The
demand at the moment is being partially satisfied by the excellent work
that Gary Cuninghame spoke about on Monday. The Harwell machine is
coping with part of the demand.

Perhaps in a few years' time, there is a distinct possibility that another
MRC (Medical Research Council) cyclotron, which is being commissioned
next year in the U. K., may be in a position to add to the iodine-123 sup-
ply in the United Kingdom.-Next year a 60-MeV proton machine will be
commissioned at Catabridge, in the northern part of England, for the pur-
pose of fast-neutron therapy. Several years ago, however, a smaller cyclo-
tron was commissioned in Edinburgh in the U. K. for fast-neutron ther-
apy, and that machine probably will cease doing fast-neutron therapy in a
few years; already it is being commissioned as an isotope-producing
machine. It is a 30-MeV proton machine and is unlikely to make iodine-
123, but it is coming on stream. It is already producing the short-lived
radioactive gases, which have a long tradition of interest to us in the MRC
in England.

Now, here is the point of what I am trying to put across. Dr. Helus
has referred to an organization, the so-called Krypton Club, which has
been set up in Europe. The intention of this club is to assist its members,
who are producers and users of krypton-81m generators, to share their
facilities—if you like—for one producer to step in and help another pro-
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ducer who for some reason has to shut down the cyclotron for maintenance
or whatever. In other words the aim of this club is to ensure that nobody
goes short of krypton-81m generators if it can possibly be avoided. Now, I
would like to foresee that there could very well be in Europe an iodine-123
club. It certainly is something I would look forward to seeing in the U. K.
in a few years when there is more than one producer of iodine-123, and I
can foresee that this approach could well be extended throughout Europe.
If we can do it in Europe where we have language problems to contend
with and a lot of international barriers to contend with (despite the exis-
tence of the common market), then I believe there should be a possibility
of setting up an Iodine-123 Club in the United States and Canada.

Wagaer: Dave Silvester is being very kind in his predicting that, if it
can be done in Europe, we can do it in this country, and I would like to
ask him this question. It has been very clear at this meeting that the sup-
ply of these new types of radionuclides is much better in Europe than it is
in the United States. What is the secret of your success? Dr. StScklin, how
have you been able to have a ready supply of iodine-123 and krypton-81m
when we, for seven years, have had only what can be called a spotty sup-

piy?
Silvester: Of course, I can really speak only for Hammersmith. I

believe the distribution from Hammersmith has been gradually growing
over the entire 25 years of the existence of their cyclotron. It didn't start
with a bang—it was built up gradually. But I think the success of our
krypton generator distribution program relies heavily upon the commit-
ment of the very small number of people who are involved in that pro-
gram. As Dr. Cuninghame has said, when you are trying to distribute
short-lived isotopes, you really must have someone who is dedicated to the
work. I don't mean full-time dedicated. I mean just dedicated to doing
that as part of his overall job, and he has to have first-rate contacts with
the people who are going to move things around the country—personal
contacts are of tremendous help. I think it's as simple as that. You also
need to have a reliable cyclotron, and, no matter what unkind things I do
say about our machine from time to time, we have been very fortunate. It
is a good workhorse and hasn't really let us down very much through the
25 years of its existence.

BoHte: Dr. Stocklin, have you anything to add?
Stocklin: Yes, I would like to answer Dr. Wagner's question. The

demand is not that high at the moment, and the relatively high output
from the Swiss people pretty much takes care of the iodine-123 demand.
They produce it via the 127I(p,5n) 123Xe-*123I reaction, as you know. But
let me elaborate on this. We held an iodine panel in Mich in 1976, and
we had the idea to have a network of collaborating cyclotrons. There is no
cyclotron that can always produce. They have breakdowns, they have
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shutdown periods, and they produce different-quality t^.es of iodine. So
the idea was, since we had a couple of cyclotrons in Germany and a few in
Western Europe, that it should be possible to have a collaborating net-
work, maybe with a commercial distributor. But what happened was that
the industry got hold of many of these individual cyclotrons and made a
contract with them. Then another company got another cyclotron and
made a contract with them. So the whole thing deteriorated because of the
personal interests of the individual centers and companies. Thus the net-
work never worked out, because of simple commercial reasons and compe-
tition between the individual groups. The idea we then put forward, which
was even more ambitious, would be to have something like a development
and production center—maybe in JUIich, maybe somewhere else—with a
good machine, let's say of 70-MeV protons—where you have all the input
in terms of developmental work and production from the government
research laboratory and at the same time you have one or several collabo-
rating companies to form a firm, a production factory. There would be the
input of know-how for new products from the center, the input on knowl-
edge of the market, and sales knowhow. We talked to quite a few commer-
cial people about this plan. They were all basically interested, but for var-
ious reasons it never got moving. I still believe a production center, where
government laboratories and industry cooperate and both give their share,
might be a solution and would make many people happy with radioisotopes
with half-lives of more than one hour, particularly for iodine-123. But
maybe this idea is a little too naive—I am not a businessman.

Cuninghame: There is in fact a "club of two" in Europe. The two
largest (p,5n) producers are, of course, the Swiss, as Professor StScklin has
rightly said, and ourselves. We are not small producers. At calibration
time—and let's be straight about this—we are selling 700 mCi a week.
The Swiss are selling about twice as much, but for two years now we have
collaborated with the Swiss. We both have big physics machines, and we
both have long six-weeks-shutdown periods during the year. For two years
now we have been supplying each other at our shutdown periods. Further-
more, our Sunday production, which is one batch of 400 mCi at calibra-
tion time, is sold to the Swiss, and they sell it through their network. So
some of this big production of the Swiss is ours. We do have a club of two
already and we'd be very pleased if Professor Stocklin would join in.

Bonte: There's food for thought in your reply. Dr. Wagner, have you
another question?

Wagner: I appreciate the opportunity to have such distinguished visi-
tors to whom we can direct questions. I would like to ask Dr. Cun-
inghame this question: How have you solved the problem of collaboration
between physicists and people interested in isotope production? This is a
big problem in national laboratories in the United States.
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CaangluuK: I can speak only for the Harwell machine. I can't tell
you how the Swiss have solved their particular problem. I think they do
have more difficulties than we have. It hasn't really been too difficult,
because of a rather peculiar thing which is that the Harwell variable-
energy cyclotron is owned by the chemistry division at Harwell and not by
the physicists. I am a nuclear chemist and we welcome physicists on the
machine, but they come on at our terms. But it hasn't actually been a
problem. We are all friends really—sort of. We like physicists. We think
they are quite nice people, like doctors. So we welcome them onto the
machine, and the collaboration is quite easy. It is helped, of course, by the
fact that, with fully commercial costing such as we have for our cyclotron
(and that applies to internal users doing the fundamental research as well),
at Harwell we do not have an excess of users. We in fact used to run 21
shifts a week. Now we run only IS shifts a week. They are now fully
booked, and the usage is going up again, but we have been through a
fairly low period. So all those factors taken together have meant that we
really haven't had a problem.

Welbnu: I just wondered if I could get my bid in to join the club.
Would you take one of your technologically deprived U. S. brothers into
your club? For whatever reason, we have not been able to do this in the
United States. We have heard promises from our national laboratories for
10 years. They attend the Society of Nuclear Medicine meetings. They
have passed resolutions to support everything they are going to do in
nuclear medicine, but technologically we must be deprived or backward,
for we haven't been able to pull this off. Maybe we could join your club
and not bother them anymore.

We have, however, a number of national resources in the United States
through the DOE (Department of Energy) and the NSF (National Science
Foundation), yet we haven't been able to get our act together. I don't want
to let the commercial people off the hook; they seem to be totally obstinate
about working with these groups. As far as I know, many people want
krypton-81m generators in the United States, but they cannot get them,
because the commercial supply just cannot keep up with it. Maybe we
could join your krypton club, too. But the basic question is, Could someone
in the United States join? Really, the practical question is, Could you
begin to feed iodine-123 into a network in the United States? There we
are again with technological deprivation. You have the Concorde and we
don't. Maybe you could ship it over on the Concorde.

Cwia^Huae: We have had discussions with one of the U. S. drug
suppliers about this. There are quite major difficulties about the supply,
mostly financial. In principle, we can ship iodine-123 to the United States,
and I believe that with this same supplier we shall be having further dis-
cussions in the future.
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But, of course, the major problem you have to think about is: the rea-
son we can sell our iodine—why our iodine costs what you appear to think
is quite a low cost, and why we can sell it at quite a low cost—is because
we do not have a very big—a two-step—distribution system. We make it.
We distribute it. It is in the hands of our users one-and-a-half half-lives
after the end of bombardment. Now, if we were to supply it to a user in
the United States, there would be a second stage. We would supply him
with a bulk amount. There would then be another delay, probably 24
hours, while he distributed it and did whatever he wanted to do here. So
that puts it another two half-lives away. That is one of the major
difficulties about our supplying to the United States.

Voice: We are already probably paying twice as much as what you
are charging.

Cuninghame: Well, as I say, we are having discussions or we have
had discussions with this particular drug company, and they may come to
us again. I have been talking to them at this meeting.

Friedman: I have just one comment on Dr. Wellman's comment about
the cyclotron generators. Even before they became commercially available,
we could potentially make about ten 50-mCi rubidium-81 generators a
week. We told all the Chicago hospitals. We talked about this at many
Society of Nuclear Medicine (SNM) meetings and offered these things
free to anybody who wanted to collaborate and test them, but we have
never heard from you.

Weliman: Many of the cyclotron generators have not been available
outside a research group—at least I was not contacted in this matter. I
talked to Ervin Kaplan when he reported his krypton-81m clinical results,
but this is the first time that I hear that they were offered free to any-
body.

Friedman: I know, but you see we're the ones who make the genera-
tor. Erv Kaplan is one of our users, but there are many other users. All
you had to do was contact us.

Bonte: There's Erv.
Kaplan: Good morning, Henry. The giving of generators is not my

function. It's a function that's worked out at Argonne. Had you previously
contacted Arnie Friedman?

Friedman: The only thing we had ever asked was, when people were
doing the same research with the generators, that they work together. This
is collaborative research. We weren't selling things; we were giving things.

Boate: We now go on to our next speaker, Dr. Blau.
Blau: I propose to play a role that comes rather naturally to me, espe-

cially at eight o'clock in the morning after a 14-hour day, and that is the
role of devil's advocate. Let me raise the question for your consideration
that iodine-123 is not a suitable isotope for clinical study. I want to talk
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just about iodine-123, not krypton or strontium or rubidium or any of
those.

It is, as we heard alt day yesterday, a perfectly nifty isotope for clinical
investigation, and it gives low doses to the patients. Its chemistry is beauti-
ful. We heard yesterday about all kinds of wonderful studies, but they
were all clinical investigation—almost without exception. The only really
clinical study for which iodine-123 has an absolute niche is thyroid studies.
There it is unquestioned and nothing to argue about. But is it possible to
really go through the whole rigmarole of getting a procedure researched
and approved through the NDA (New Drug Application) process where
the basic cost of the isotope alone per procedure is going to be $300? I
really don't think so. I think that is at a maximum in the special pro-
cedures category, and I am not sure a modest number of special pro-
cedures is going to support the kind of an iodine-123 production-and-
distribution industry which we would need to keep that going.

Wagaer: I am sure the same statement, Dr. Blau, could have been
made about thallium-201 a few years ago. It seems to me that it can be
clearly documented throughout the history of nuclear medicine, and per-
haps throughout the history of medical science in general, that today's
research is tomorrow's practice. I believe you exaggerate it, too, in saying
that it is going to cost $300 for the tracer alone. All it takes is one good
study that will solve one important problem, and, if it can only be done
with iodine-123, I do not think there is any question that it is going to be
a blockbuster like thallium-201. I appreciate your taking the devil's advo-
cate position, and we accept your comments as being only kidding.

Blau: I agree that a large part is "only kidding." I don't think the
price is going to be much lower than $300—1 haven't heard anything in
this regard at this meeting or previously. Since the standard dose for these
procedures is going to be 10 mCi or so in some kind of a compound, I
would be surprised if it will be lower. I haven't heard from anyone in the
industry on this subject. Perhaps they will get up and tell us what they
project the price will be in three or four years; but it will be in the hun-
dreds of dollars.

The question is that of having one good study which we cannot do any
other way. I think that my role in life is to work out studies which can be
done some other way. I believe the cyclotron and positron people are the
front runners in the physiology field. I think iodine-123 is in the next rank
behind going from true, real hard-core research to clinical investigation and
special procedures down to technetium and other readily available cheap
isotopes for the kind of screening procedures I believe nuclear medicine
has to be involved in. The point I am trying to make, I guess, is that it is
very difficult for us to ask commercial companies to take the risk that
such a procedure may be there. I think, as we heard from Cal Brantley,
New England Nuclear lucked out by projecting an iodine-123 cyclotron
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and having thallium pop up. Now, how many times they will luck out like
that with these million-dollar investments I don't know, but, if I owned
stock, I wouldn't encourage somebody to build a 60- or 70-MeV cyclotron
to sell iodine-123.

Paras: I wholeheartedly agree with Dr. Wagner in his comments;
there are some promising compounds and a tremendous potential for devel-
opment, particularly with single-photon tomography, and I would like to
ask if you advocate that the government should subsidize the mass produc-
tion of iodine-123. I would like to remind you that I was told some years
ago that this should be left to the private sector. Therefore I will keep
quiet insofar as the government is concerned.

Blau: If you are asking me, I think everybody should make iodine-123
and give it to us as cheaply as possible. There is no question in my mind
that it is a wonderful isotope. If you are asking me if we should take
nuclear medicine research money and put it into the production of iodine-
123, the answer is that you had better tell me what you are going to use it
for, and how much it is going to cost, and what I am not going to be able
to do, because I am making iodine-123. If you tell me I shouldn't build a
battleship but I should make iodine-123,1 wouldn't hesitate for a moment.

Paras: The answsr is not the research money. Let us say we are talk-
ing about the network of accelerators which are out there already and they
have the potential for production which has not been used and the tax-
payers have already paid for them and that some kind of an
organization—a commercial group if you will—would distribute the
radiopharmaceutical. It was a wonderful idea, but we found formidable
problems in putting it into practice. This kind of concept is there; how that
might work, I don't know.

Blau: I guess playing devil's advocate puts me in a bad position. I
love iodine-123. I do a lot of research with iodine-123. I expect to put
iodine-123 into patients. But that's not the issue I am addressing. I think it
is clear that in the United States we could organize ourselves better to get
iodine-123. It is funny that the Canadians seem to be able to do it and the
Europeans seem to be able to do it. Obviously, we should be able to do it,
too. But that is not the issue I wish to address. I wish to go back two
steps. Is it realistic to project iodine-123 as a routine clinical isotope? I
think this is something that we really need to discuss explicitly, not saying
how wonderful it is to have iodine-123 and how it is possible to have it,
but do we really need to organize this system? I think that question needs
to be discussed explicitly.

Paras: It certainly needs to be discussed explicitly, and it needs to be
better defined.

Bonte: Dr. Kabalka is our next speaker.
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Kabalka: I would have to be classified as a very small-time user. We
simply buy our isotopes when we need them to test our chemical proce-
dure, so it is difficult for me to comment on production and things of that
sort. So I would like to make a couple of comments which came to mind
during the meeting and which seem to be centered on two aspects: Can we
get our act together and get more iodine-123? Can we get it purer and, if
not purer, what is the best impurity—iodine-125, iodine-124? The com-
ments that come to mind are very simple. There seems to be some lack of
cooperation perhaps among the industrial sources, but it does seem that we
have an adequate supply right now. Whether it is the right land can be
argued, I guess. But, surely, for most of the things I have seen, iodine-123
is available from Medi-Physics and soon will be from their competitors.
You have a choice already. You can take either one. It seems we have the
capabilities to make all the iodine-123 we need. It's the politics of the
situation in getting it to the people who want it which seems to be the
problem, and I can only say that perhaps this kind of forum is what we
need to get to say, "Look, we need it. Why can't we get it and work it out
on a one-to-one basis?"

Should we take money from the research end, which, of course, is what
I'm interested in (I'm interested in basically building the molecules and
getting the material in)'.' I agree that I would rather not see the money
come from our research budget to supply the production facilities, but if
anything was going to be spent, it would seem that some money should be
given to certain laboratories and let them make the starting materials so
that we could get better materials and then could determine if we really
need the "pure" iodine-123 for routine analyses. I don't really want to get
into a discussion on whether or not the tellurium fatty acids are going to
be useful, but as a scientist I would like to say that I would like to see
everything investigated. I don't know what the imaging agent of the future
will be, but maybe it could be that one. Maybe in fact the tellurium will
come out in a kit form, and that will be the best thing available for imag-
ing. For those who need images, that would be perfect. Any type of con-
traction of what I see as continuing expansion in basic science is a pull-
back. So I'd like to keep the money in the research end and let the govern-
ment support, perhaps, source material.

Boate: Are there questions for Dr. Kabalka?
Wagner: I have a couple of points. First, the field of nuclear medicine

is a big package. You can't say, "We're going to separate one part out and
the other part will thrive." At present the issue is whether any money will
be left for research at all. It is not nuclear medicine that is basically com-
peting for the DOE funds, for example. It's people. It's transportation. It's
crime control. So it is a package in which nuclear medicine is probably one
of the greatest single forces in getting support for basic research. So the
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concept that we are not going to do something even though it seems very
important, because we really think the money should go to basic research,
is extremely naive, it seems to me. I didn't mean that to be in criticism,
Dr. Kabalka. You are young, and I'm sure you will learn some of these
things as you get a little older. That is not the issue.

There are a couple of other points I want to make. One is that I am
sure Paul Harper, and maybe Bill Myers, will remember that in 1963
representatives of the three major radiopharmaceutical
manufacturers—Squibb, Abbott, and Amersham—at Oak Ridge at a pub-
lic meeting very much like this said, "You will never get hospitals to use
technetium-99m from molybdenum-99, and, therefore, this concept of a
molytechnetium generator is just pure research. It will never happen." It
comes to my mind with respect to what my good friend Monte Blau has
just said. The other very important point to remind you of is that
technetium-99m was advertised in letters two inches high in the catalogue
of Brookhaven National Laboratory in 1960 and it was not until 1963 that
Paul Harper saw how this could be applied to research. If there ever was
an example of how basic science gets translated into clinical practice, none
is more clear than the case of technetium-99m.

As I'll try to say it in a more organized way at the end of this sympo-
sium, I think we are at a turning point in the field of nuclear medicine.
The issue right now is the existence of nuclear medicine. It is not a ques-
tion of saying we are going to divide up the pie and not have any distrac-
tions. If iodine-123 doesn't succeed, there may not be any basic research
funds available for the field of nuclear medicine. My question to Dr.
Kabalka is, "Do you agree with all these things?"

Kabalka: That is a rough one. As you say, I'll probably learn as I go
on that there are certain things you should not say. I really did not mean
to say that I was trying to stop the pie from being cut in that fashion. In
fact, I think iodine-123 is the isotope. It can do more things than any one
given isotope. You not only can label specifically—you can label randomly.
You can label protein. So it has the widest applicability even though it is
not often the best isotope to use. I did not mean to say that I was not sup-
porting iodine-123, but it seems that we have the capabilities. It seems it is
not more money we need. We need more cooperation, and the possibility
of the starting material could certainly be discussed. Certainly, if we can
make better target materials, then by all means we should do it so that we
have the choice.

Boate: Next as our panel speaker is Dr. Wieland.
Wieiaad: We have heard from two naive chemists in a row. I don't

know how you are all going to handle this. I remember—I think it was my
first Society of Nuclear Medicine meeting in '73 or '74 in
Philadelphia—that one of the major areas of controversy at that meeting
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concerned which of six or seven technetium compounds made the best
brain-scanning agent. I would go to meeting after meeting. Finally, I said,
"Goodness, what am I doing here?" Fortunately, I had taken my fishing
rod with sis so I rented a car, got out of the meeting at Philadelphia very
quickly, and went to the upper Delaware River—Dingman's Ferry or
somewhere—to fish for smallmouth bass. I came back somewhat reju-
venated. Slowly, through the years, I've gotten this feeling, which I think
really came to a head at the St. Louis meeting on radiopbarmaceutical
chemistry, that we really had a very good group, a dynamic group, of
chemists and physicists who could see the challenge in nuclear medicine
and could sort of absorb many of the synthetic chemists, especially from
the pure organic chemistry and medicinal chemistry areas. This has hap-
pened in only the last four or five years, and I feel a sense of impatience. I
think we have really come quite a way in those few years.

I used to go to the physicists and ask, "When are you going to come up
with a good tomographic scanner?" And they would in turn say, "When
will you come up with a good agent?" I think the challenge really is there
for us now, and 1 find it exciting. I think Dr. Blau's compound
I23I-HIPDM, the pH-specific agents, were just scratching at—just knock-
ing on the door of the brain, but that's a real frontier. He has made some
excellent basic observations. We need to get into metabolic fate in the
brain and into what is actually the mechanism of retention. These really
tough questions are going to involve a lot of research effort and a lot of
support for that effort.

As for iodine-123, it's an expensive item. Every time we sit down for a
protocol and to write a protocol, one of the biggest line items is: Where
are we going to get the money for the iodine-123? This is a real deterrent
to clinical research especially, and we are always writing grants designed
around the funding of the iodine-123. I would love to see an iodine-123
source in the Midwest. Right now the suppliers on the West Coast, I
think, are quite receptive. Tf *, the logistics problem of getting it to us in a
reasonable time. We hav < rouble with the airlines and common carrier
service. So I think we need a supplier in the Midwest, one on the East
Coast, and one on the West Coast as a start. Let's see how it would work.
I believe that would make a big difference in the future of nuclear medi-
cine.

G. DeNardo: My question for Dr. Wieland is "Do you agree with Dr.
Wagner?"

Wieland: Dr. Wagner has covered so much ground this morning I
would have to cut it down into segments. But I basically agree with him.
Yes, I am very excited about it. You know it's so easy, I have learned this
from Dr. Barrall. I've been working with him for the last eight years. He
is an eternal optimist and that philosophy really works—I have seen it
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work. There have been tremendous problems in the past, and we are going
to overcome them.

Wellman: One question that is being bandied about is, "Is iodine-123
going to be a success?" Industry is standing back saying, "How can we be
assured that we're going to get our investment back?" Other questions I
guess we have to ask are, "Why did technetium become so successful?
Why did thallium become so successful?" It really wasn't the kind of peo-
ple sitting in this room who made it successful. What happened was at the
community hospital—if I can put it that way—the people at community
hospital level suddenly found a wide use for these things, and a market
opened or blossomed. At least that is my opinion. I believe, if we can show
a relative degree of success with iodine-123 compounds, that this same sort
of thing will happen with iodine-123. But perhaps there are devil's advo-
cates who would like to shoot that down.

Stocklin: I am not a technetium specialist, but to me one thing is
clear. There you had all the premises you needed: it was cheap, it was eas-
ily available, it was easy to handle, and the hospital has an ideal set-up for
scanning. But I believe that, unless somebody comes up with a "physiologi-
cal technetium compound" (and I have my doubts), the time of
technetium-99m will soon come to an end. The time of picture making of
organs is past. I mean, with so many competing physical methods these
days, you can very well abandon a lot of this technetium picture making.
Therefore people try, of course, to develop technetium compounds that
could also be used for functional imaging nowadays, but I think they can
by no means compare with iodine-123. On the other hand, I am not pessi-
mistic as far as iodine-123 is concerned. There may even be some com-
pound that can be prepared in a kit procedure.

One of these syntheses, the diamine compounds, mentioned yesterday I
found quite interesting. It's easy. It's fast. It doesn't need high tempera-
tures. This method may be used to develop a kit procedure for iodine-123
labeling. So to sum up, in my opinion a country that was able to put men
on the moon—when they really didn't know what was involved—why, this
country should also be able to make available relatively cheap iodine-123,
maybe with a little help from the government. But the crucial point is that
we have to develop good iodine-123 radiopharmaceuticals. Last but not
least, I found out yesterday that single-photon emission tomography has to
be improved, and with these things available I am very optimistic for
iodine-123. I think it's a must for nuclear medicine.

Silvester: I think Dr. Stocklin made a very telling point when he
pointed out that of course it was the government that put men on the
moon and not private industry. Some of you may remember it was not
many years ago that a radionuclide called fluorine-18 was used for bone
scanning, and it was very widely used for bone scanning. I have a feeling
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that at least one of the commercial manufacturers of cyclotron radionu-
clides based the start of its operation on supplying fluorine-18 for bone
scanning. A salutary lesson was learned, I think, but it just shows that,
unfortunately, nuclear medicine (like many other things aren't) isn't faith-
ful to its early loves if something better comes along. So it is under-
standable that private industry will be a little reluctant to invest heavily in
iodine-123. I believe, therefore, it really behooves the government to do
what it can to support the supply of iodine-123 at this stage.

Boite: You have drawn an important distinction. Men still are not
going to the moon on a commercial basis.

R. Robertson This is mainly a comment. Back about 1967, I guess,
when I attended my first SNM meeting, it was not uncommon to have a
resident physician stand up and talk about—well, for the sake of being
facetious—technetium-mango juice going to the kidneys; therefore it was
a kidney-scanning agent. Now, from these things, many of which were not
scientifically sound, came the group of technetium compounds that are
now having their structure elucidated, and so on, as chemistry has become
sophisticated.

We then came to the situation with the U. S. Food and Drug Adminis-
tration, and I think—although I would be a very strong advocate of phar-
maceutical quality and pharmaceutical regulation with respect to any form
of radiopharmaceutical—I think you have to be very careful that what has
happened is that other countries have left the United States behind
because they did not have the FDA. If NASA had had to deal with the
FDA, they could not have put men on the moon. I believe this has now
been a case in which I can look from Canada and can say what I want to
because I don't have to deal with these people. I realize many of you
Americans have to be quiet and you have to be polite because you have to
deal with this bureaucracy. We have an IND* 30 pages long, which means
we now have patients on fluorine-18, that is, fluorodopa. The drug may be
useless. I'm not sure if it is good or bad, but we have it. We were able to
put it through the Canadian food and drug agency.

A number of Americans here have come to me, almost in anonymity,
who have said, "Look, we have put the same submissions to Canadian food
and drug, talked to these people as human beings, and we have gotten
clearance." We are still waiting to get our 180 days, if we can talk them
out of it, in the United States, and, when we do come back, we get ques-
tions that show that they had no understanding of the drug. Yet these
people in Ottawa have gone around underneath and have jabbed and
found pur weak spots and have asked the questions about the weak spots. I
don't think that these people in Ottawa are any better, I don't think that

•Notice for Claimed Investi|ationi] Exemption for > New Drug.
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they are going to go any deeper. But they treat the manufacturers—and in
our case we are manufacturers—as human beings, with respect to keeping
to their commitment of 120 days in terms of reply for an NDA. As a
result we are going to go to Canada, and we are going to have iodinated
drugs, and we are going to be using them across our 20 million population.
But you people are still going to be waiting if you have to play games with
the FDA. They have to become human.

Blau: I really must be in a strange mood this morning to defend the
FDA, but my most recent interaction with them was to submit a 20-odd
page IND, for the compounds we heard about yesterday, which was
approved. They phoned me, spoke to me directly in a very human voice,
and said, "Don't you think you ought to have a few data on this and this
in there?" I agreed. Then he said, "Why don't you write us a letter?" I
wrote the letter and that was that. I saw him later at a meeting. He said,
"Those data looked good. Go ahead." So apparently the experience is vari-
able.

Bonte: Or they may have marked the millenium. Let us hear now
from Dr. Sally DeNardo.

S. DeNardo: I am not sure I can add anything to this discussion, par-
ticularly wisdom, but let me divide my comments into two areas, one of
which is that of local doctor user of iodine-123. For the past several years
I have been using iodine-123 not only as a clinical investigator but also as
"ye olde nuclear medicine local doc." What do I mean by that? That
means that, when 1-123 hippuran, used in our young people who have a lot
of renal problems, is not available, I'm not the one who yells. Our physi-
cians on the wards are the ones who yell. Recently some of them have
even called the Crocker facility when they felt that they were not
appropriately taken care of. There is need for clinically available, depend-
able, reasonably cheap pure iodine-123 for clinical practice.

I could make the same arguments about fibrinogen. Seven years ago,
when we started showing it for clinical trials, people stroked their chins
and said, "Hmm, isn't that interesting?" It fits the physiology, therefore
it's a natural. Whether you put it on fibrinogen or plasminogen, the
physiology—the process—is appropriate to the isotope or the isotope is
appropriate to the physiology. I think many of you can find several of the
normal physiological processes for which iodine-123 is an appropriate
radiotracer. That's the sort of cases we need, and this one in particular I
believe is unique in being asked for the fields and by the fields and by the
people taking care of patients. No longer is fibrinogen, particularly, used
just in clinical trials at our institutions. At the moment, in fact, it is a reg-
ular procedure which we are not even handling as a clinical trial at all,
other than for the purpose of acquiring data for the IND purpose. When it
is not available, our clinicians are the ones who yell, not the investigators.
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In moving from those two areas and more into clinical trial areas, I
think, just in passing, of my own interest. I believe the use of antibodies is
another area where the physiology matches iodine-123 or vice versa. You
probably can come up with many others that go into the clinical trial. So,
in the areas of use, I think that this combined group here can probably
make a fair list of compounds, some of which are ready for clinical appli-
cations on sn everyday basis and some of which are ready for more large-
scale clinical investigations. But again I point out we need dependable,
reasonably cheap, available material, not something that is there part of
the time. That doesn't do it in medicine.

Now we come to the question of how to bring this about, considering
the problem at hand. They say a committee never built a very good
mousetrap, but let us at least raise the questions of what the group here
and the leaders of this group can accomplish. First, we have a group of
people in industry who are interested in delivering something that will
indeed by bought basically by the people they supply, the people that are
seen as suppliers. This industry group has a major problem, as our Cana-
dian friends have pointed out, which is different from elsewhere in the
world. On the other hand, we have an FDA that is probably trying to do a
good job. I believe we have a political and structural problem about which
I can only make two suggestions: one is that the ACNP (American
College of Nuclear Physicians) and the SNM (Society of Nuclear Medi-
cine) should put pressure, where pressure needs to be applied, on the fact
that there needs to be an obvious and very quick change in the way things
are handled in terms of the review of the nuclear medicine type of
radiophartnaceuticals. I cannot see that coming about in any other way.
Such a change will not come about internally to the FDA, and I hope that
this group could ask those groups representing the nuclear medicine com-
munity and the two basic groups (ACNP and SNM) represented here
today to put actual pressure into the governmental areas needing pressure
so that immediate and appropriate changes could be made in the proce-
dure for reviewing the drugs for the nuclear medical community.

I cannot say what those changes need to be, and I do not think this
group can make that sort of decision. I believe a small group that knows
the process and knows the changes can make that kind of decision. I also
think that there is an impossibility in having this group come up with the
ways that the national laboratories will be able to interface with industry
in a productive manner. I believe that if a few representatives from the
national labs sit down with a few representatives in industry from the
represented companies, they can come across with a better decision as to
how that can come about. But there are facilities in this country which can
make reliable, essentially pure iodine-123 radionuclide when they put their
minds to it. I really agree with the people who have said, "If the English
can do it, why can't we?"
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Wellman: Do you agree with that, Gerry (Dr. Gerald DeNardo)? i
G. DeNardo: I have to agree with that, Henry. Aside from that, let

me ask Sally a question. Since you have faced the screaming clinicians :
who were demanding the clinical procedures you identified, I would sus-
pect that you must have had a sincere interest in looking at alternative and
more-practical radionuclides—for example, indium or gallium or ;
technetium labeling of fibrinogen or these other molecules which you have
mentioned. Have you done so, and has that been an easy and successful
process? Or is there some reason to think that there are unique features of .;
iodine or the halogens which might give iodine-123 some duration, at least
as an investigative and clinical radionuclide?

S. DeNardo: I feel that was a somewhat leading question. I don't
need to elaborate to this audience on the fact that we are talking about a
nuclide which can be conveniently labeled to things which are appropriate
rather than looking for labeling methods which are basically less
strong—methods which don't fit the physiology and the problems quite as
well, particularly the ones we have looked at. Yes, we have addressed
many of these in terms of whether we can look for technetium labels or
indium-labeled fibrinogen and of what you can put on hippuran that is as
reasonably appropriate as iodine-123. I believe many people in this audi- I
ence have looked at those problems, and that is why we are all here saying
that it is time to have iodine-123 available to the clinical practice of
nuclear medicine. ,

WeUmaiK There may be an instrument whereby we can carry through
what you suggested. Dr. Hunter, our SNM representative, or one of the
representatives to AMA (American Medical Association) indicated to me
yesterday that he would be most interested in introducing through the
AMA a resolution addressing this question of interaction with the FDA,
and he asked me for suggestions about language for a resolution to be i
presented. I would submit that the rest of you might also help him with
language for a resolution. •

I believe one of the first things we can do is to quote what the repre- }
sentative of the Bureau of Drugs said the other day, i.e., "that the time lag J
at the present time is too long." One of the first things to do is to quote ]
him in the resolution. Another comment I would like to make: I think it is j
a paradox that the SNM chair at the most recent meeting, in 1975, said !
that we have technetium, that we don't need iodine. Today we have heard ;
from the chair that we need iodine and maybe the days of technetium are 1
numbered. i

Paras: Although I am not from the Bureau of Drugs, I wish to ]
respond to previous comments about the FDA and this time lag and so on. j
I may be able to clarify a few points. The FDA and the Bureau of Drugs :
have their hands tied by the regulations. The whole problem stems from j
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the legislation from the Congress. They do have a mandate, and they have
to follow certain procedures.

Now in so doing, I believe in the early 60's, they protected this country
from the effects of thalidomide. That kind of philosophy prevailed, and
this is what we all arc paying for now. I do know, however, that the Com-
missioner is very much concerned about this time lag and, as Mr. Frankel
pointed out yesterday, they are really overconcerned with this problem and
are trying to solve it somehow. We have been seeing the mandate they
have, and they are doing a good job, and they are not solely responsible
for the time lag. The sponsors in some cases have contributed generously
to this time lag. They are combining the Bureau of Drugs with the
Bureau of Biologies and are restructuring the entire organization there.
With a new organization and a new Director, I believe something better
will result and the situation will be improved. Now how much, I do not
know. You mention also that the ACNP or the SNM should keep the
pressure where it ought to be; that should be done, I believe. But you will
find out that it is not so much the FDA as it is a lot of politics in this
country.

Also, I wish to comment on another thing that tickled me a little. I
have heard comments from abroad that our government should do some-
thing. This is equal to what I was saying, David (Dr. Silvester), and you
laughed some seven years ago when I was in England and I made similar
comments to you people. We had a meeting, I remember, of a small group
at Hammersmith, including the Harwell people, and with the Department
of Health personnel listening. You managed to solve your problems, but
the politics and the structure of health care in England are a little differ-
ent from this country's and probably will take us a little longer.

Bonte: Dr. Reba, it is your turn to speak for the panel.
Reba: Our interest in the short-lived radionuclides—by "our" interest

I refer to the group that I work with—has not been a clinical interest. It
has been a research interest limited to the use of halogens (iodine,
fluorine, and bromine) for the things—the general classification of
compounds—that everyone in the room is interested in, e.g., to label the
physiological acting agents like sodium iodide for the thyroid and iodohip-
purate for the kidneys and others, or to label metabolic substrates like
fatty acids and carbohydrates, or to label proteins, the particularly large
proteins, e.g., antibodies, and to label drugs that bind to specific protein
receptors. All such compounds can of course be synthesized with intrinsi-
cally labeled atoms like carbon, nitrogen, and oxygen, but these of course
require the immediate access to a cyclotron and a positron emission tomo-
graphic instrument.

I believe the availability and the use of a dedicated biomedical cyclo-
tron is really mandatory for the validation studies required before one can
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accept a particular compound as having a physiological or metabolic
importance. But on a local level we made a decision probably because we
are lovers—not fighters—which is a way of saying in a practical sense that
we did not think at our institution we could ever obtain the support or
funds to obtain a cyclotron and a positron tomograph. We are talking
about an investment of two or three million dollars, and there are several
thousand hospitals in the United States. Several thousand have nuclear
medicine units, so we thought it might be practical to extend that invest-
ment to every hospital with a nuclear medicine department. The limitation
of single-photon emission tomography is in its precise and accurate quan-
tification, but we have accepted, at least as a working hypothesis, that if a
single-photon-emitting labeled radiopharmaceutical can be shown to
have—just as an arbitrary limit—90% of a true physiological parameter as
determined by an intrinsically labeled ligand, then we might be able to
apply widely in all the hospitals with nuclear medicine units these new
agents rather than have them limited to, for example, the fifteen institu-
tions (I don't know how many there are now) that have medical research
biomedical cyclotrons.

The limitation of iodine-123 has been discussed for the last two days in
terms of the dosimetry and the resolution distortion due to the contam-
inants. In the National Academy of Sciences meeting, the results of which
Dr. Wellman summarized on the first day of this symposium, I showed a
slide constructed of the estimated dosimetry from iodine-123 as opposed to
iodinc-131 for thyroid studies; these data showed that the dosimetry was
really only a factor of about two when equivalent doses of iodine-123 are
compared with iodine-131 for thyroid uptakes. It is of interest that, in
Dr. Kuhl's article in the March issue of The Journal of Nuclear Medi-
cine, he presented at least a summary of his dosimetry data for iodine-123
iodoamphetamine; and he gave his dose estimates and stated that approxi-
mately half the dose was due to the iodine-124 contaminants. So, if the
contaminants could be eliminated, not only would the images be intrinsi-
cally better but also you could improve both the resolution and the sensi-
tivity because you could give twice the dose.

So I think that, if a use is demonstrated of a single-photon-emitting
labeled physiologic or metabolic substrate, the instrument people will be
provoked to make better instruments. It will make the radiopharmaceutical
companies more liable to become interested. In fact when Dr. Blau tried
to provoke us, the audience, by his example, I was thinking about how,
when Thomas J. Watson, who brought out his first computer in 1930,
made his first commercial computer in 1940, it filled a room this size and
cost X millions of dollars. Now you can put one on your fingertip and it
costs $1.98. But I wasn't smart enough to invest in IBM (International
Business Machines) at that time. I am sure I would run out and invest in a
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cyclotron to make iodine-123 now. But I believe, like most of us, we have
to face the fact that, if it can be demonstrated to be useful, somehow we'll
be able to get it and we'll be able to apply the clinically new knowledge,
which the positron people have validated for us, and can apply it in a wide
way to improve the general health and the care of the U. S. public. This is
what the game is all about. I think we are getting close.

Boate: Thank you. Are there questions for Dr. Reba?
Harper: I am not sure this question is for Dr. Reba. It may be for the

whole panel or for someone in the audience. I was struck yesterday by a
couple of rather important presentations. A number of the applications of
iodine-123 that have been proposed, such as the receptor-binding applica-
tions and maybe even the antibody application, would result in low-
contrast images.

Bonte: Thank you. Our time is up, and I'd like to thank the panel on
behalf of all of us.
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Bonte: The first speaker of this session is Dr. Martin Nissel from the
Food and Drug Administration, who has requested the opportunity to
address you.

Nissel: I am the group leader for the Radiopharmaceutical Drug
Reviewing Group. Fortunately, I guess, I was not here on Monday, so I
didn't hear all the static the FDA caught on Monday, but I have listened
to a little of it in the previous panel session. Dr. Bonte was right when he
said that it is with a certain degree of reluctance that one of us steps up to
speak at a meeting like this, and I wish to assure you now that it is not
because I happen to have a special interest in flagellation, self-inflicted or
otherwise, that I do this, but I do wish you to know we are not reluctant to
speak up when we have to of when we try to defend ourselves. Dr. Paras
did a very good job of it earlier when he told you that the agency itself has
been concerned with what is called the drug lag and that a great many
reforms, we are told, are coming into effect. Unfortunately, I am not at a
policy-making level; I am a scientific reviewer. So I cannot tell you what
those changes are, but I do know that the changes have been decided upon
and that a memorandum describing those changes is already in the
Commissioner's office. The constraints we operate publicly under the Food
and Drug Act are such that we cannot defend ourselves against many of
the accusations brought at meetings like this. A trade-secret provision to

•This discussion was edited by Peter Paras, Ph.D.
tDr. Bonte substituted for Dr. Harold A. O'Brien.
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the Act says that I cannot even tell you that an IND* and an NDAf exist
for either an individual investigator or a commercial sponsor. As a matter
of fact, those of you here who heard the anecdote about how little trouble
Dr. Blau had—in which Dr. Blau was so kind to defend us—should be
aware that that would have been impossible for me to describe to you
spontaneously. Now that he has brought it up publicly, I can talk about it.

Most of our individual scientific investigators have little trouble with
us. I understand somebody on Monday said there had to be 100 pages to
an IND. That is ridiculous. The only person I know of in this room who
could possibly have 100 pages in the IND would be Dr. Wagner whose
curriculum vitae requires more than 100 pages. I wish to tell you that
most people have not understood what the IND and NDA review process
is, and I think that the radiopharmaceuticai community has been fairly
well advised during the time we have had the radiopharmaceuticai drug
products to advise. As you know, we only got those in 1975, and we
immediately said that things would go on as they had been. We wrote a
regulation establishing a certain number of drugs which were licensed by
the AEC (Atomic Energy Commission) at well-ettabliihed drugs; however,
it was not until a year and a half later that we asked people to submit an
NDA for those drugs. We did not ask for any clinical data on those drugs.
They were submitted on the basis that they were well established.

We also permitted drug firms who were distributing materials under an
IND to do so. The law forbids this, but the Agency took the position that,
since there was a transition period from the AEC control, we would go
easy on those things. As a matter of fact, even after the NDA review was
asked for, which resulted in a regulation to stop that kind of distribution,
the Agency adopted a policy of nonenforcement so that distribution could
go on. We are having an Advisory Committee meeting tomorrow. Those of
you who will be there will be happy to know that since last October 1,
which is the beginning of our fiscal year, six new radiopharmaceuticai
products have been approved.

Another thing I wish to talk about is that the IND and NDA process
as it exists today does not give me or anybody at my level the kind of
authority that those who review drugs in the United Kingdom or in
Canada have. We could approve a drug all along at our level, and it could
still not be approved "upstairs," that is, at Bureau level or in the
Secretary's office. Actually, only the Secretary has the right to approve or
not approve a drug, and it has happened that we have approved drugs and
they have been not approved upstairs; and it has happened the other way,
too. Also, we do not have absolute control over all the disciplines. We
review a drug in three separate disciplines: clinical, manufacturing controls

•Notice for Claimed Investigation*! Exemption for a New Drug.
tNew Drug Application.
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(which is the chemistry), and pharmacology. These three disciplines are
entirely separate, and, although I am called a group leader, I can do noth-
ing about the other two disciplines. I am a clinical group leader, and I
only have things to say about the clinical data. We have made a number
of concessions since I have been the group leader. Somebody from the
audience asked about one of them at the break, and I will tell you this: if
there is an established drug using an established isotope like 131I iodohip-
puran, for instance, and if you submit a new drug application for a drug
containing another isotope of iodine, you will have to submit only
dosimetry data and a biodistribution or a bioequivalence study. No clinical
data will be required, and we will accept data, i.e., the clinical data, from
the 131I iodohippuran as satisfactory.

Also, there are paper NDA's at the top. Many of you have asked me
about the classification and priority of materials as we go on. We do have
a priority system. It does not always work the way we would like it to
work; and here is the reason for it. As you know, when a drug comes in,
we classify it for what we believe its potential behavior may be. A drug
classified as an A drug gets the highest priority and represents, in our
opinion, a major therapeutic advance. The decision as to the classification
is an internal one and can be changed at any time. However, it is changed
in consultation—not arbitrarily or capriciously by a single individual like
myself. Any drug classified as a B drug is one with moderate therapeutic
advance. Let me tell you that the amino diacetic acids were regarded as B
drugs. At one time we had five NDA's for amino diacetic acids, all of
which had a B drug classification. My group has only two reviewers, and
five NDA's cannot be reviewed by two reviewers. We shipped some out so
that four reviews were being done on amino diacetic acids even though
that represented an extra expense for the government. Once a drug is
approved and available "out there," then internally we can turn around
and say that we have to go to any B drugs which are not out there. So B
drugs that once were B drugs become C drugs. Note that if they do not
allow us to contract that out, as this administration has decided it may not
do (we can't spend any extra money), having another B drug added to a
string of B drugs five or six Ijng doesn't help you one little bit in getting
the review done promptly.

Furthermore, although you have heard a lot about 30 months being a
usual time, a drug lag, I say that is unconscionable. Anyone who submits
an NDA will hear in 180 days (from my group anyway) whether it is
approvable or not approvable. This is not an approval process. Nothing in
the law says we have to approve a drug in 180 days. The law says that we
have to review it in 180 days, and the company must have some kind of
word by 180 days as to whether or not the submission is good. The time
interval of the 30-month period includes firm time. In the radiopharma-
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ceutical group alone, we have three approved products out there awaiting
what we call final printed labeling. That is the last step needed to get a
drug marketed. We have to approve final printed labeling, and these
companies have not submitted the final printed labeling. Therefore the
drug is not approvahle. The clock is still running even though that is not
our problem, but we will be accused of making it a long wait.

Now I shall close with a statement of Dr. Hayes who is the Commis-
sioner. Most of the problems with drugs for approval lie in the quality of
a submission. As Dr. Blau said, if you have a good submission, even
though we find a few things wrong with it and we call you up and talk to
you about it, you will have no problem with us, and I believe most of you
who are individual physician investigators have not.

Boate: Thank you, Dr. Nissel. If you are willing to respond to some
questions from the audience, Dr. Wellman has some.

Welbnu: First of all, I want to reveal a hidden secret: the reason for
the date of this symposium was that it immediately preceded the meeting
of the Radiopharmaceutical Advisory Committee and many people coming
to attend that committee meeting could stay over. Perhaps some of those
who maybe hadn't originally planned to stay over might want to.

Next point, I wish to speak for the individual investigator in defense of
the FDA. I don't think that they have inhibited us in doing that. In my
own personal interaction when we put in an IND, we have had no signifi-
cant problems. We nave not been delayed from going on to do what we
want to do. I think those who have had the problem are commercial enter-
prises, and I must say—having been on the Radiopharmaceutical Advisory
Committee for four years or so and having volunteered to review several
NDA's—that the quality of the information in at least one of the NDA's
which I reviewed was about on the level of what you would expect to get
from a high school student. Hence there are problems on both sides. I
would appeal to both groups: (1) to the commercial people to supply better
data, better information at least in a respectable form, and (2) to the FDA
side to be perhaps not so harsh with the commercial representatives, par-
ticularly in the field of radiopharmaceuticals.

G. DeNardo: First, I certainly respect Dr. Nissel for his comments,
and I would reaffirm the comments other individuals have made. I still
think that we are left very clearly, however, with the situation that drug
companies do go to Canada to conduct their clinical investigations because
there is a real difference between the protective process, or the societal
beneficial process, in the United States and that of another country, which
I think we all respect and recognize as an orderly process in these kinds of
things.

Second, I believe we also must clearly identify the fact that there is a
process affecting the timetable, at least of radiopharmaceuticals, which is
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quite different from, at least up until now, the process affecting the time-
table for other technological modalities which compete with nuclear medi-
cine procedures. That process can be a form of self-fulfillment, i.e., it may
make one technological discipline obsolete when in reality it should not
become obsolete. So, the only bottom line for me is that I don't believe
there is any one evil scientist in this situation. I certainly am aware that
the scientific industry has been at fault. I think the industry has clearly
been at fault at various times—and the FDA as well—but what we have
to assure is a process in which we all cooperate to expedite things so that
society can benefit from all these regulations rather than the alternative.

Bonte: Dr. Sally DeNardo, do you wish to make a comment?
S. DeNardo: Dr. Nissel made one statement that was related to the

interactions of the three groups, but I don't quite see clearly how that can
work better. I do not disagree with what's been said about fault lying in
many places, but, if we take a look just at the FDA process and ask, from
the outside, what suggestions can we make or what can we do or what can
we ask them to do to see if things can be done more expeditiously—not in
the sense that if everything is in good order in a very simple application,
but in a very complicated application put in by a company—how can
things be expedited so that the information needed can be received, put in
place, and the thing go forward? I think that the first of two questions I
would raise is about the interactions between the three different sections
and whether or not he feels this can be changed in such a way as to create
more communication there and more communication with the company
coming in. Second, you mentioned that in some instances after approval at
your level things have been disapproved upstairs. What sorts of things
would cause a change after the scientific basis has been evaluated?

Nissel: The first part of your question has already been answered. For
the five years that I have been at the FDA, it has been as part of a task
force which was doing the IND and NDA rewrite. Recently another task
force was appointed which consists, in addition to members of the FDA, of
members of the scientific community and members of the industry as
well. I believe that the reorganization which has been talked about and the
memorandum which exists in the Commissioner's office now contain the
public comment and the decisions that have been reached as to the dif-
ferent ways in which we shall approach applications either for IND's or
NDA's. So I think that has been taken care of, and I believe it has been
done with a great deal of public input from all the concerned members of
the community.

As far as the other thing is concerned, the reorganization of the FDA
is now taking place. I don't know how that will be affected. I have an idea
that will be taken care of also in the reorganization process. Many of you
know now that the Bureau of Drugs and the Bureau of Biologies have
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been merged. The merger is merely a paper one now and we have one
individual as the Bureau Director, but nothing has happened to change the
operations of either bureau yet. It's just too soon after the merger, so I
couldn't say; but I doubt that the process will be changed, the reviewing
divisions are divisions which operate almost in limbo, one might say, and
what other factors are concerned come up at a higher level than ours. If
that will be changed, I have no way of knowing. So I can't answer your
second question as well as I would like. We in the Bureau itself, at the
scientific level and in the reviewing divisions', have asked for a change in
the concurrent review process, but I don't know if that will be accepted or
not.

Bonte: In the interest of time, we must begin our scheduled program
of panel speakers, and I am going to ask Dr. Mausner from Brookhaven
National Laboratory to join us here on the panel.

Mausner: I would just like to give some impressions and opinions
rather than any formal remarks here—things I heard yesterday about sup-
ply. It seemed to me that the (p,2n) type iodine-123 had no problems in
supply and distribution and was also well advanced. However, the high-
purity (p,5n) or the reaction used at TRIUMF is another matter. The
present production capability is very modest indeed. I heard of only the
two U. S. suppliers and the one Canadian supplier who are making it now
and could deliver it next week. Also, the yearly availability of these two
machines is still a tremendous problem. I believe substantial increases in
yield, frequency, and availability are possible, but these suppliers are going
to require substantial seed money to scale the operations up to achieve
some sort of break-even operation at full cost recovery—not essentially
free as we are operating now.

I think that, to achieve continuity of supply, we will have to consider
direct government subsidy of accelerated-beam costs for medical research.
In comparison, no nuclear physicists, particle physicists, or meson physi-
cists ever have to pay beam costs for running an experiment at an NFSP
(nuclear fuel services plant) or DOE accelerator facility. Why can't
nuclear medical research operate on some such basis? This would require,
however, some changes in philosophy in the funding agencies.

Finally, I wish to make a suggestion for the future. I think perhaps the
best future route to a varied, powerful radionuclide production is a small
linac similar to the new New England Nuclear machine but with at least
80 or 200 MeV, which gives them a lot more capability. Now they
clearly cut their energy down because of the cost of building such a
machine. However, some very recent developments in new ion sources and
high-gradient accelerating cavities make me optimistic that the size and
cost of such a machine could be kept within reasonable limits. Some of
these new techniques have been embodied in the Pygmy Project at Los
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Alamos; I am sorry Hal O'Brien isn't here. He might have been able to
fill us in on some of the project details. I myself know only a few of them.

Bonte: I would now like to present as speaker Dr. Steinkruger, who
replaces Dr. O'Brien as a representative of the Los Alamos group.

Steinkruger: I can claim with validity to be definitely unprepared
since Hal injured his back only this morning. Let me mention a couple of
brief things about LAMPF. First of all, the name LAMPF means Los
Alamos Meson Physics Facility. The isotope production group at LAMPF
is a parasitic operation and is thus subject to the whims of the physicists.

Late last year, approximately two weeks before Thanksgiving, we were
asked what kind of shutdown period we would like to see LAMPF
undergo, a single six-month period or two three-month periods? Since we
have been attempting to supply strontium-82 and bromine-77 on a routine
basis, we suggested no shutdown, but that, of course, was not an option.
We then asked for the two three-month periods with a three- or four-
month operational period in between. LAMPF went down the day before
Thanksgiving and is due to come up May 19.

It is a parasitic operation. Can we really be that dependable as an iso-
tope source? During the shutdown period I have seen our people in the hot
cell developing the hardware for iodine-123 production via xenon-123 pro-
duction. We made a short test of radiation before shutdown in November.
It looks like we will have a few tenths of a percent of xenon-125 impurity,
and, when the beam comes up on May 19, we will be working quite hard
to proof the procedure and to be able to start supplying the iodine-123
whenever we have the beam current available. This does not guarantee
that we will have the material available on the twentieth of May or June
or July. I will again mention that we are working on proofing the proce-
dure, and those of you who have worked on high-current high-energy
machines and who do hot-cell work will realize that a lot of problems are
involved and it is not as simple as typical benchtop-and-hood chemistry.

Bonte: Are there any questions for Dr. Steinkruger?
Saenger: I think that the last two speakers raised a fascinating point.

In 1973 at an essentially similar conference at Los Alamos, I remember
giving a talk, and Dr. Louis Rosen, who is the—I guess he is still—the
high priest of the LAMPF facility, was sitting in the front row. I made a
similar gratuitous statement, that maybe it would be good if these facilities
were operated during the working day for biomedical purposes and the
good of patients and then physicists could work on them at night and on
weekends. This somewhat negative position has been somewhat further
amplified by the absolutely astounding remark that there is no charge to
the physicists for beam time. As for the accounting, this is not a question
of philosophy. I believe it is a question of an accounting process that is
really beyond all reasonable understanding. Considering the experts we
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; have in accounting at the Department of the Treasury and elsewhere, we
j come to the point that perhaps the proceedings of this meeting in which a

number of very pointed remarks about these practices have been made
should perhaps be circulated to our legislative representatives since in the

: final analysis it is that policy which will determine what the future of
nuclear medicine will be no matter how roundabout the process may seem
to want to go. In other words, I think beating on the executive branch of

• government in this particular regard is not the most logical path on which
to proceed.

Bonte: I would like now to invite Dr. Ten Haken from the Fermi
National Accelerator Laboratory to comment.

Ten Haken: I wish just to briefly reiterate the position, or the situa-
tion, at Fermilab, as I see it. I don't want to give anyone the wrong
impression. I don't believe the attitude of the laboratory has changed by
180 degrees as I have heard some people say. I tried to show how a facil-

: ity could be built there. It is still our understanding that the laboratory
(1) is unwilling to be involved in the routine production of isotopes and

' (2) may perhaps be interested in establishing some kind of a liaison with
industry for a research type program. These are decisions that have to be

; made with the Director's office, and you can contact them.
; The Rush-Presbyterian-St. Luke's Medical Center accelerator will be a

new machine and it will be at 70 MeV. We want to take the experience in
neutron therapy that we have had at 66 McV at Fermilab and carry it
over at the Medical Center accelerator. Their people are seeking an indus-

; trial liaison for the new machine.
Bonte: Are there any comments or questions for Dr. Ten Haken?
Paras: On the basis of some comments made in the 1975 meeting, I

! am under the impression that the Fermilab accelerator has a great poten-
tial for production. Now I don't say that the decision should not be made

; at the Director's office. I agree with you that it should be. That's not the
; point. The question is a technical one about the potential. I wish to rcaf-
i Firm that this potential is there. My understanding is (1) that you have

some linacs there at —200 MeV which are used for the preinjection stage
1 and one of them is kept on all the time and (2) that this beam (e.g., of
'• the linac) is used partially for the primary program of the laboratory
\ research in high-energy physics, which is a necessary condition. So, there-
1 fore, a good percentage of the time this beam is disposed of on a shield;
i the concept is to use this, if I may say, wasted beam. It really is not
\ wasted, because you need it, but it is wasted from the point of view of tak-
. ing advantage of the potential of the beam. Now I ask the question, Is it
! possible for somebody—and I don't know who, perhaps the industry—to
I put some money in to build a target facility there in place of the shield? I
I have heard quite a bit in this meeting about technology for iodine-123. If a
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target facility is feasible there, one can pump out daily large quantities of
xenon-123 which can decay en route to a processing facility into iodine-
123. Now the question I have is, Is this potential in my mind or is it
really there? What I'd like to ask you is, Am I correct or am I wrong in
my thinking?

Ten Halcen: The potential is there, as I think I tried to show. The
linac operates only part of the time for the high-energy physics program,
and there are beam charges. We in neutron therapy have to pay for the
beam when we use it also. When the accelerator is not doing high-energy
physics, those operational costs are higher. When high-energy physics is
running and we are running at a parasitic mode, then the costs are less.
The potential, however, I cannot argue. It is there. A beam of some
20 nA average is available and of the correct energy.

Mausner: I would like to elaborate a little. The linac at Fermilab is
identical physically to the one we have at Brookhaven. So the capability is
very much there. They could run in exactly the same type of parasitic
mode. The Brookhaven Linac Isotope Producer (BLIP) does use excess
linac beam so it isn't wasted. That is our concept. However, it is a little
more difficult matter than building a small beam channel. Brookhaven had
preexisting high-level hot-cell facilities that could be taken advantage of.
Fermilab has no such capability. You would have to start from scratch.

Paras: Yes, I would agree with this, but that is not the point. I
doubt if hot cells are needed and if this kind of cost is justified, because
we do have this concept of the iodine-123 generator the way it was
described here. I believe something like that is feasible also; and again that
is only in concept. Now I don't think we should worry about cost in this
meeting. A lot was said before about putting the pressure where it belongs,
but I don't believe it belongs on the laboratories. The pressure should be
somewhere else. Those people are here, and they know, I believe, where
the pressure should be directed, and we should leave it to them. I do not
think we can solve right here the problem of the cost and how one may
charge for the beams, but the potential is there. The question is now raised
about these things, and our recommendations, as Dr. Saenger pointed out,
should be made and should be circulated.

Lagunas-Solar: I would like to answer (in part) the comment
Dr. Paras made about the need for hot-cell facilities. The generator we
have proposed, as a technology to be used in the future to increase avail-
ability of iodine-123, still needs adequate shielding to be used basically for
personal safety at the production sites. So if I gave the wrong impression
that the generator will be a self-shielded device at the production site, I
want to correct that. I still think that hot cells are certainly an option and
perhaps a need, but there are alternative ways of improving radiation
safety requirements at production sites.
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Stenkruger: One possible difficulty I see with the suggestion made
about the Fcrmilab is again its being a parasitic operation that affects the
timely reliability and dependability of the supply of iodine-123. If the
physicists are using the machine at 8:00 a.m. Saturday, will the clinicians
be willing to accept iodine-123 at odd times, i.e., at weekends or at nights?
I think the key problem is the parasitic operation.

Saenger: I don't think the point that has been made by a number of
us—that physicians are more important than physicists—is really the
nature of the beast. I think what all of us here have to remember is that
nuclear medicine as a field of medicine is in a competitive state. In other
words, persons in other specialties are solving or attempting to solve simi-
lar medical problems. When you are dealing with patients, they like to
come at times convenient to them; one of the reasons we work principally
from Monday through Friday is that people do not like to attend their
doctors in complicated procedures over the weekend. Look at the utiliza-
tion of hospitals today in a period of somewhat economic decline. You will
find in many hospitals that there is a drop in utilization, and this costs the
hospitals tremendously. So that if you—I mean the national laboratory
special facilities—want to cooperate in helping nuclear'medicine to be use-
ful, competitive, and convenient, then there must be some bending of time
and availability on the part of the facility because there is no way we can
do our work, for example, without iodine-123 if that is the modality we
have to use.

Bonte: Again, in the interest of time, I am going to ask the speakers
and the audience to defer their questions to the end. Dr. Lamb from Oak
Ridge National Laboratory is our next panel speaker.

Lamb: In preparing for this last evening, I decided to list some items
that I feel a little more confident about after this meeting and also some
items that I do not feel quite so confident about. I preface my remarks by
saying that, as time goes on, my perception of what I am sure of and what
I am not sure of changes constantly. For example, when I came to this
meeting I was sure that I was an employee of Union Carbide Nuclear
Division. Now I'm not so sure what I'm an employee of. For those of you
who may not have heard, the news has broken that Union Carbide will not
renew its contract to operate facilities at Oak Ridge. Also, when I came to
the meeting, I was not sure when the 86-in. cyclotron at ORNL would
start up—that is the radioisotope-production cyclotron. It has been down
for several months for upgrading and then, following that, for working out
the bugs. But I had the good news this morning from a second-band
source that indeed we do have a beam established and that operations are
beginning. So those of you who are interested in that particular cyclotron,
particularly Cal Brantley, will be glad to know that.
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Some things that I feel fairly sure of—I don't try to deal in absolutes
in this—I am sure, at least reasonably sure, that the problem of iodine-123
supply is one of the most difficult I have seen. Iodine-123 has problems of
production, of distribution, and of quality. I am reasonably sure that
iodine-123 is a very useful nuclide in medical application and that its use
is projected to increase. You medical people have pretty well convinced me
of that.

I am reasonably sure that the commercial capacity in the United States
for iodine-123 production is sufficient to supply needs now and in the fore-
seeable future. This is from the (p,2n) reaction, and evidently there are
some problems, though, with the particular purity that is available. I am
reasonably sure the iodine-123 of higher purity will improve imaging qual-
ity and will decrease patient exposure. These are very good items to work
on. I am reasonably sure that any supply of iodine-123 must be reliable
and must be uninterruptible. In fact, I am very sure of that and you medi-
cal people are, too. I am reasonably sure that government accelerators
exist which can supply high-purity iodine-123. I am also sure that their
high-capital cost of the type of accelerator required to produce higher
purity iodine-123 is not now a good investment for private industry.

I have had a thought about that. I know that medical people like to
form groups and invest for tax shelters. Here's your chance. I am sure
Medi-Physics would like for you to finance a machine. I am reasonably
sure that the capability exists now to provide iodine-123 of greater purity
by the (p,n) reaction, but the production rate, of course, would be some-
what lower than with the (p,2n) reaction. I am also reasonably sure that
ultrapure, say 99+%, tellurium-123 isotope can be provided at a much
higher cost than the present purity of 89% and would result in an iodine-
123 product much purer than is attainable with the present quality of tel-
lurium-123, but it would be two to three times more costly, perhaps even
more.

Some things I am not too sure about, such as the provision by govern-
ment accelerators of a reliable, uninterruptible supply of higher purity
iodine-123 in sufficient quantities (and here I might throw in some other
opinions already expressed). I am not quite sure what is the guideline,
standard, or specification of iodine-123 purity required by the medical
community. Several years ago I heard requests for greater tellurium purity
for tellurium-124 and tellurium-123. We kept asking, "What are your
standards? What are your criteria?" Production people work to standards,
to criteria, and to specifications. We were never able to get any. There is a
lot of hand waving and saying, "We want the highest purity. We want it
pure." But we don't get the criteria, the standards. Also, I am not sure
what the price-demand relationship for iodine-123 of different purities
would be; this is a question that would be decided in the marketplace.
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Friesel: Well, I may be putting on a black hat—I hope not. But I
would like to state something that I feel after listening to this meeting,
and I shall state it as follows. The purpose of a research facility is just
that—research. The U. S. government underwrites the cost of research
with no constraints on its immediate practicability because the increase in
knowledge is essential, I believe, to the future of the human race. It is
something that could never be done commercially. It has to be supported
by something like a government agency. So the comment that Dr. Saenger
made about the inappropriateness of the government policy which holds
that research is free to the scientific user, i.e., the physicist, is correct, but
it is also free to the medical researcher. In fact, the cyclotron has been
used at Indiana University at no cost to the user the same as to the
physicist. But I personally feel that to ask a national facility whose pur-
pose is research to routinely produce an isotope for clinical purposes is a
lot like the president of Sheraton Hotels asking local hospitals for extra
rooms when his facility is booked up. Hotels and hospitals both have beds,
tv's, and telephones. It is not applicable.

There are, however, two exceptions to this. One exception is, if there is
no other source of this particular product—I think in fact the initial
iodine-123 research was done at university facilities or national facilities,
but that was a long time ago. I believe the time for national facilities to
produce iodine-123 may not be here at present. The other exception is, if
the research facility has spare beam, i.e., extra beam, and some facilities
in this country have—they don't use all the beam they, have. They have
secondary beams, and it is possible to support production W a product with
those beams. But, again, as I think it was stated earlier, n cannot be done
on a routine basis. \

I have heard several things here today, and I think most of them are
positive. One is that iodine-123 is going to be a radiopharmaceutical or a
radiodrug in the future. I am not a pharmacist. I am not a doctor. But it
sounds to me that you are all convinced that you want iodine-123.
Whether you use (p,2n)I23I or (p,5n)123I still seems to be in debate.
Another thing I have heard is that there are at least two commercial sup-
pliers of iodine-123 in this country and that there are two national facili-
ties who supply iodine-123, yet I still hear that there is not enough iodine-
123 in the United States. Point three, should the government pay for it?
Should the medical community pay for it? Should the user pay for it?
Who pays for it? That is the question. I don't have the answer either.

Finally, I have a suggestion. This suggestion really conies from
Bill Rodney from the National Science Foundation, but we in the scien-
tific community have the same problems as the medical community.
Money is a problem. Only recently the University of Maryland cyclotron
was shut down because of lack of funds at the National Science Founda-
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tion, not because it wasn't a productive machine, not because it wasn't
doing good physics. It was shut down because they had to make some hard
choices about which were the best facilities or the facilities which had to
be funded because of whatever reasons. If possible, they would fund both.
This machine has tens of microamperes (10 to 50 M ) , at 100 MeV. The
machine is now sitting idle at Maryland University and I say to the medi-
cal community, both producers and commercial producers in the medical
community, why could you not make some agreement with the University
of Maryland to lease that machine and run that machine to produce iso-
topes, not only iodine-123 but any isotope you want? Again a suggestion.

Boate: Mr. Vincent is our next panel speaker.
Vincent: We in Canada feel a little like interlopers but maybe not

quite so much as people from the United Kingdom may. I want to make a
few comments about spallation because Manuel Lagunas-So'ar,
Jim Richards, and I, who live close together and cooperate, have had our
noses in that for some time now, and we think we know a little bit about
it. The few tenths of a percent strength iodine-125 that you mentioned is
in fact correct, I think, for most spallation reactions; but that is an EOB
(end of bombardment) figure, and the thing that we are painfully aware of
is that when it is delivered you are looking at something like 3%, i.e., EOB
plus 36 hours.

Now, in this regard a comment from Dr. Blau the other day just sort
of went by that there really needs to be more work done on the dosimetry
of iodine-125 and, specifically, radiopharmaceuticals. I think, however, the
medical people probably are not going to bite on this one unless there is
more work done on it. So that problem right there needs to be worked on
in order to use spallation iodine.

The second thing is that it appears that demand for (p,5n) iodine is in
fact increasing, but it does not appear to me that the relative balance
between the (p,5n) and the (p,2n) has been established yet; that is another
research problem which will demand a large amount of effort. The
demand also appears to be for research purposes—we have become keenly
aware of this in Canada. We thought that a few millicuries a week would
satisfy people, but it's not true. Research groups are just starting to form a
nationwide research group in Canada for iodine-123 research, and we are
finding that individual groups across the country are asking for deliveries
of 200 to 300 mCi per week, and that's a lot of iodine, as Manuel knows.
So there is a demand for a lot more (p,5n) product to satisfy it. Eventu-
ally we may be stuck with two grades of iodine: regular and high test. I
think it is a good thing. We just have to establish what kinds of cars we
are driving, Volkswagens or Pontiacs.

Now let me just tell you what we are doing in Canada. There is some-
thing known as a Crown Corporation there which is a little different. This
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makes things a bit easier for us. Bob Robertson, who is here today, just
had a CP42 machine delivered a short time ago, and it is now being com-
missioned and will be available for him to make (p,2n) iodine. On the
large TRIUMF accelerator, we started about six years ago working on
extracting a low-energy beam. I guess we were enthused mainly by the
work that had been done at SIN (Swiss Institute for Nuclear Research)
with the injector. So our answer to that is shown in Figs. 1 and 2.

TRIUMF is a very large and complicated accelerator. Its problem is
similar to those at Brookhaven and Los Alamos. Currently it runs only
about 30 weeks a year. Our high priority is to increase the reliability, and
we are gradually improving this up. A lot of developmental work must be
done. As an institutional facility it probably can never be a threat to
industrial users, but it can be a powerful supplier of large quantities of
material for research. In collaboration with some of these other gentlemen,
we can nearly satisfy the demands. We have a facility where we can
extract three simultaneous beams. In other words, our so-called low-energy
beam facility, which we have been developing for the la*t six years, it truly
orthogonal to the other beams. We run and the other physics users just
don't know we are there except for the fact that we take tome of the cur-
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rent from the machine. A lot of technology has gone into the development
of this machine. This is similar to the technology which has gone into
BLIP (the Brookhaven Linear Isotope Producer), and I think that most
commercial producers would not have the money or inclination to go into
that high-energy technology until it has been proved out. Our real niche
here is to help to develop some of that technology.

Figure 1 shows a fairly simple facility, which looks like any beam line
you might see except that it has no organic components. It has all-metal
seals, something not seen in a commercial cyclotron. This line is modular:
it can be taken apart with a crane and taken away; then it can be brought
back again in pieces and set in place again because it is prealigned. This is
another feature not seen very often. All the targets are remotely handle-
able. Caskets can come and pick them up and take them away. This is an
expensive facility; we have those resources at the laboratory, and we can
develop that technology for people.

Figure 1 shows a typical target. This is a xenon-127 generator from a
liquid-metal heat pipe similar to what we are using now for iodine-123. It
is; a totally metal object; it has no organics in it whatsoever. A large chunk
of depleted uranium on the outside shield drops into place to protect peo-
ple who are handling or who have to work in the area. Our sodium iodide
generator will be similar. There is provision for backups as well. Figure 2
shows the actual generator we have built.

Friedman: Since I am not a producer, I really have almost no com-
ments, but I would like to make two that I do have. First, in listening to
the papers at the meeting, I was struck that there really are two distinct
sets of tests done with iodine-123 which have been reported on, and I
believe we can use the sort of category which Dr. Harper mentioned to
divide these up. The first I myself would call tests which have a high
signal-to-noise ratio and which are relatively easy to scan because of
strong binding or rapid washout. For these the sort of iodine that
Dr. Kramer mentioned as being available from Medi-Physics should be
adequate, even though it would not be ideal; also, these tests might include
the iodoamphetamines (from the things I could hear) and the rest of the
pH-binding tracers that we heard about iodohippurans and even iodine.

The second set of tests is a set of "studies" that have low signal-to-
noise ratio or fast kinetics or long delays, and for these you might say
(p,2n) is not going to be adequate. These would be the antibody-binding
compound for which you have to wait 24 hours, steroids with a relatively
small amount bound, neuroleptic drugs, and maybe even the methyl iodide
experiments in which the accounting must be done within a few minutes.

One wonders, then, why that first set of tests—for which iodine-123 is
at present commercially available—are not being done and why they are
not being done widely. They are all ideally suitable for clinical use. It
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might even have been proven out already. This is the first question I was
going to ask. Is it the cost? Is it because the nuclear medicine community
does not recognize it? Or is it because the chemistry for the use of these
things is not available? I think this ought to be considered before we worry
about making more iodine.

My second comment really reflects something that Dr. Kabalka said
before. Despite the answer given by Dr. Wagner, if we set up a national
network or a national facility for producing high-grade iodine-123, no
matter how we look at it, the money still has to come from the same pot
that supports nuclear medicine. There is little chance of DOE's getting
more money from the government specifically for this. If that is the case,
the costs really have to be recovered to keep from cutting into research
and other things being done. One possible way is to propose a tax on
patients or, maybe, a tax on physicians.

Lagunas-Solar: Since I also am included as a speaker in this panel,
I'll use my prerogative to basically wrap up the problem of iodine-123 pro-
duction and give some of my own comments. Clearly, several areas of
potential conflicts deal with basic logistics, communications, technology,
the regulatory agency, and, particularly, funding. Our experience at
University of California at Davis for the last seven years has been that all
of these to some extent do affect the practice of nuclear medicine with
iodine-123. I will not bore you with the details on logistics, communica-
tions, or the others. I have general comments about our experience in try-
ing to promote and basically subsidize the use of iodine-123 by the medi-
cal community.

Some comments were made about technology. I disagree with the idea
that this country does not have the technology for making high-purity
iodine-123 or the (p,2n) product. We do. We have played some role—in
certain cases what I consider a significant role—in promoting the use of
this technology abroad. We have targetry worked out over the years, with
an extremely efficient target for cyclotron production of radionuclides; and
if you know or are aware of cyclotron engineering problems, you should
also be aware that the target is, in my personal opinion (and I think most
of us working in this field would agree), the most important problem to be
solved to produce reliable products.

Cyclotron engineering has been mentioned, particularly in our case, as
causing numerous problems, such as physicians' working over the weekend
or overnight. I believe medical people are misinformed about what running
a cyclotron really is. The United States does not have a 70-MeV cyclotron
dedicated to or even designed for producing iodine-123 or any other iso-
tope. The fact is, because of whatever reasons, that many years back,
mostly because of changes in policies of funding these types of facilities,
we have been using, in my opinion, the wrong cyclotrons for reliable work
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in producing radionuclides for medicine. These cyclotrons were not built
for this type of venture. They are flexible, versatile, highly sophisticated
machines, but they do not have the characteristics required by the modern
cyclotron technology being used by the commercial people to produce these
isotopes.

The question of a U. S. "club" to produce iodine-123 has tremendous
potential, but, again, the question here is really the funding. It is not that
we do not have the technical expertise, the interest, or the dedication. We
do, but we do not have adequate funding.

Logistics is a problem, but that could be minimized if in fact we would
develop this country's potential, both in the West and on the East Coast,
to provide reliable and sufficient amounts of iodine-123 for these purposes.
Finally, with the regulatory agency, our experience has been quite differ-
ent from yours at the University of California. We have had excellent
reception and excellent cooperation from the regulatory agency in allowing
our program to continue to perform not only iodine-123 work but also
other isotopes. So our experience has been totally different although I am
aware of other problems that other people or other groups have had with
regulatory questions.

Finally, I believe we need to improve the communication between the
user, the producer, and the cyclotron people. That is needed not only to
solve the little problems we have been confronted with during this meeting
but also to solve the overall question of reliable production.
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Tofe: We have changed the format a little for this part of the session.
We will not bring individual speakers up to the front, for two reasons:
First, it is rare at a meeting for the commercial representatives to have an
opportunity to talk, as we all did in the previous sessions. It is even rarer
to have an opportunity to ask questions of those representatives.

Second, we feel that there is probably safety in numbers. For that rea-
son we met this morning at breakfast and we tried to put our thinking
together and see what our positions are. The only consensus we could come
up with is a position on how we relate to the national laboratories. We
recognize that the noncommercial labs have been the leaders in radiophar-
maceutical development. There is absolutely no question about that. We
recognize that the noncommercial labs have unique production facilitiet;
there are many examples. But, most important, we recognize that the non-
commercial laboratories have been the initiators and have taken the first
step in the whole commercial cycle. It starts there; our job is to continue.
It is not only a very important part, but it is also the most important part.

The statement has been made that where the needs are clearly under-
stood, industry will respond. There is absolutely no question—many exam-
ples have been given throughout these sessions. I wish to begin the
question-and-answer session with a couple of statements: First, I take some
issue with the statement that we have not been responding to supplying, or
attempting to supply, high-test iodine-123. At this meeting I have heard of

'Present address: Norwich Eaton Pharmaceuticals, Inc., Lakevrood, Colorado.
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two groups, from Dr. Hupf of the RadPharm people and from Dr. Lam-
brecht from the Brookhaven group, who are working on the (p,n) reaction.
What the yields are is an open question. There is, clearly, work trying to
capitalize on the present eight or ten cyclotrons available to us today.

In my own company (Benedict Nuclear), we have been working very
hard and long to try to make high-purity iodine-123 available. As many of
you probably may, or may not know, we have submitted a New Drug
Application. Both we and the FDA are working very hard to make that
drug available in a timely manner. I do not think industry has been ignor-
ing the cry or the need for pure iodine-123.

I now open the floor for questions and answers addressed to the
members of the panel and myself.

Boweo: I have one question for the panel. One thing has become
clear: there has to be a role between the noncommercial lab and the com-
mercial lab. I don't want to make it appear that the situation we heard
described earlier, about the Crown Corporation we have in Canada, is the
panacea for all problems. However, what the corporation does do is to
allow something, for instance, like AECL (Atomic Energy of Canada Lim-
ited) to exist, whereby they can have their large research component and
also run a commercial division so that it perhaps gives it a little more sta-
bility.

I think what struck me about this is that, although we are talking
about iodine-123, we still have a situation wherein private industry, with
the exception of Union Carbide's Tuxedo (N. Y.) swimming-pool AMF
(AMF Atomics, Inc.) reactor, has not been able to produce a U. S. source
of molybdenum-99. In other words, beyond that one small reactor, the
costs are too great. Also, I believe there is a place for government coopera-
tion, for an agency comparable to a Crown Corporation; nevertheless, I
don't think that is necessarily the goal. There is, however, a place for an
expansion of, say, the Union Carbide relation with the national labs, so
that in fact the resources are pooled, and cooperative, and coordinated.

I wonder how industry would respond to this. So many times I have
seen from afar that things have been developed and private industry then
says, "Ah, we take it over." Therefore it is government policy for the
national lab to cease making the item that may or may not flourish after
that. Would industry like to see that changed so that there could be a
cooperative venture between any of the companies, all of the companies,
and a national lab which would cover the overall costs of a very large
cyclotron or collective facility?

Brutley: I believe we do that already. Gene Lamb this morning said
Cal Brantley would be interested to know that the ORNL 86-in. is back
on line. There is a good reason for that. We are a dependable customer! I
was talking this morning about how Brookhaven and our company worked
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very closely together, at the research level, at the production level, and in
other ways, and I believe everybody up here does the same thing. We at
the moment depend very heavily on the national laboratories, and there is
a close relationship in spite of what a lot of people here think.

Saenger: In the previous session and already in this session, two
counter points have been raised which I think are very crucial: first, in
regard to competition, I believe you should all be mindful of the fact that
both Upjohn and Smith, Kline & French, the pharmaceutical suppliers,
are competing very vigorously with hospitals and clinical laboratory ser-
vices. So the health care field expects competition from its suppliers.

Second, I think Dr. Cuninghame and Dr. Silvester have given elegant
examples of how government facilities can supply isotopes. Third, I think
Dr. Vincent brought up an important point, and I would like to ask the
suppliers, "Since there is some uncertainty about Union Carbide at Oak
Ridge (and about these other problems we have heard about here), what
would be the possibility of having something like Comsat developed as a
cooperative corporation, between government and industry, to work in this
field ui' nuclear medicine?"

Hupf: I believe the reply, in a way, Dr. Saenger, has already been
made. As Cal mentioned, we are already doing things like that. I don't
think there's anyone here who hasn't worked or who maybe is currently
working with the national laboratories in that kind of an arrangement.

Saenger: If this facility at Oak Ridge, say, were to be discontinued
for whatever reason, what would you do then for your supply of target
materials?

Brantley: Well, in fact, I think, of all I have heard in the last two
days, what upsets me most about the future, Gene (Saenger), is not
iodine-123, by the way—it's the imminent problems with the calutron
situation. I don't know if the people here recognize the fact that, if money
which goes into the calutron is cut very much more, we will be in serious
trouble.

Two other things about that, though, I think have been done in the
past. My own company has, at various times, made formal proposals to
DOE to put money into facilities down there in Oak Ridge and actually
help pay to keep things going. It has always turned out that because of
various kinds of government, legal problems and so on, it has never quite
panned out. But I believe there is an idea floating around here today—and
has been for the last two or three days—that might work somewhat the
same way, Gene, and that is the possibility of putting our own people at
those laboratories to help out. I don't know whether this idea would be a
workable one or not, but it is being discussed here today in a lot of conver-
sations.
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As for the Crown Corporation or a Comsat, with my political leanings,
I say it's a poor idea.

MtMox: My name is John Maddox, with the Department of Energy.
For over 25 years in this business, I have been involved in R&D on the
production of numerous radioisotopes and enriched stable isotopes; if there
is one thing alone I have learned, it is that, in the United States if you
really want wide, routine distribution of any such products and if there is a
real need for them, then the only way this can be done in this country is
by U. S. industry and not by U. S. federal facilities. However, perhaps
DOE can assist industry by providing—in other words, selling—them a
better quality of target material if they would only tell us what they want
as far as enrichment of the isotope goes and what the maximum is they
are willing to pay per milligram. Nothing is free.

To follow up on what Cal Brantley said, the AEC, then ERDA, and
now DOE, have worked closely with every radiopharmaceutical company
represented here today, except perhaps one, which I just recently learned
about, I'll give two examples to emphasize my point.

First, we initiated the commercialization of the Brookhaven and
ORNL molybdenum-99 and technetium-99m generator developments and
then later wrote the instructions that directed these two facilities to get it
out into the commercial world. You know the history since then. Second,
later on, we personally wrote instructions to Brookhaven, forcing them to
issue a press release about their development of thallium-201 and then per-
sonally suggested to Irwin Gruverman (who, as most of you know was at
New England Nuclear at that time) that he consider commercialization of
thallium-201. Irv told me point-blank that he resisted this strongly because
he thought thallium-201 was a "dog" isotope. Then he was kind enough,
when we suggested to him that he provide free the junk waste material,
left over from the target runs, to Elliot Lebowitz (who at that time was a
young, bright Ph.D. working with Jim Richards at Brookhaven) and that
EUiot could clean it up chemically and sell it outside to some of you people
in this room for clinical evaluation. Subsequently, Irwin changed his mind,
or New England Nuclear changed his mind; they hired EUiot Lebowitz,
and you know the history of thallium-201 since then. So, gentlemen, there
has been excellent cooperation with the pharmaceutical industry.

Now there are some points I have come to after listening to this discus-
sion. This is about my fourth or fifth iodine-123 meeting over the last 20
years. I imagine Gene Lamb was correct—we established and purified
iodine-123 more than 20 years ago. I personally am not yet convinced that
there is a heavy clinical demand for iodine-123. And, if there's one thing
I've learned at this meeting, it is that at present there is a large surplus of
commercial capability for producing iodine-123.
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Also, I have learned that perhaps there may be a little more need for
some aggressive competition which might have something to do about
prices and quality as time goes by. I was also amazed to learn that the
quality of iodine-123 (which people keep talking about in overseas facili-
ties, and so on) or that some of the quality—maybe I wasn't reading the
slides right or maybe I didn't understand that much about the medical sig-
nificance of it—but I saw that some of the iodine-124 content of some of
this material was six times larger than that of some of the commercial
material in the United States.

As for a Comsat facility, or Crown Corporation, I cannot think of any-
thing worse that could happen in the United States; I am totally opposed
to it. I have seen Crown Corporation try their best to put U. S. private
industry totally out of business.

Finally, I would like to suggest that we do have a network, the distri-
bution system, in the United States. In fact, it has been functioning for 36
years. It's called the Isotope Sales Office at Oak Ridge. Whether that
product is available or produced from Oak Ridge National Laboratory,
from Brookhaven, Los Alamos, or even Argonne, it will be sold through
the Isotope Sales Office in Oak Ridge. So, for those of you who don't
know him, you can write to him: Joe E. Ratledge, Isotope Sales Office,
Oak Ridge National Laboratory, Oak Ridge, Tenn. 37830. His phone
number is (615)-574-6984; he works for Dr. Gene Lamb, who is here. I
have talked to Joe about this on several occasions, and he can't remember
receiving a serious request for iodine-123 in over 10 years.

Tofe: I think the panel's primary function, since we represent the
commercial aspects of nuclear medicine and also what can be purchased
from Oak Ridge by physicians, is going to be different from what we
would have to supply under an approved drug source of iodine-123.

Blan: This meeting here is basically on iodine-123 production, avail-
ability and uses, and on how we will have cheap iodine-123. From the
commercial suppliers who have cyclotrons, I would like to hear how much
it is going to cost. Two years from now—three years from now—will some
of these wonderful agents be available, and what will they cost?

KniJKr: I have a few statements with respect to that. Costs always
have a top limit. If you put your market volume vs. cost, you will always
get a type of sine curve. At some point in that sine curve, cost is tolerable,
which equates to getting a return on your investment. So what is the
actual cost of a product? For example, we can say that roughly somewhere
between $150 and $200 has been what is considered to be the top cost, the
top limit of a radiopharmaceutical as has been demonstrated with thal-
lium. Let us assume that is the top cost. Then we have to take a look at
how much our starting material costs, how much distribution is, what our
total investment is, and what we have to build to meet the market poten-
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tial. Equate this out to see if we are even going to go that route. Now it is
industry's role to play, to take your invention and develop it into a nation-
ally distributed NDA-approved drug. To do that we have to determine its
clinical utility, its radiation dosimetry, and which iodine isotope. Some of
my current data indicate that the tenth of a percent iodine-125, in the
organ will give a higher radiation dose than the five percent iodine-124
because of high biological half-lives in some of the organs.

Then we have to see (1) what the market potential is at what price lev-
els; (2) what the investment costs to get the raw material supplies needed;
and (3) what the investment costs to supply the market needs. We must
ask if we need to build another factory or a cyclotron. Once we have all
those answers, we can ask, "What is it going to cost per product?"

In general, I can give you a rough rule of thumb; i.e., if a three- to
five-millicuric dose at calibration is used, one curie at calibration in each
production lot will be needed. Why? Figure five into one curie, that is 200
vials; figure about 20 to 30 vials for quality control retainers, which is very
typical; and 10 to 15% losses on specifications and services. This gives me
only 150 to sell. All those factors go into consideration. Now, if we assume
that the top cost is $150 for a patient dose and run this through the whole
investment cycle, it comes out that, if we invest a million dollars to get a
half-million dollars back over 10 years, we cannot go into it.

So, the end cost of a product cannot really be predicted. We have to
take what it will be used for, how much it is going to cost, and if we will
invest into this a nuclear magnetic residence imaging? Or to a short-term
bank note? Selling or getting cheap iodine is not realistic. To get cheap
iodine means to sell it below plant costs. To sell it below a plant cost
means for each millicurie you sell, you lose that much money. Eventually
you go bankrupt, and volume will not invite competition. You out there
are going to tell us what the clinical utility is; it is your demonstration of
interest in purchasing it and in testing it, that is going to show a perfor-
mance if we should even invest in it.

S. DeNardo: Since the company you represent hopes to soon go on
the market with these products, what are your projects going to be?

Tofe: As you know, we are not on the market yet. We really have not
fully assessed the cost at this point. We will have a competitive cost, and
we will try to keep the cost as low as possible, but for all the reasons
Henry Kramer has alluded to, we face the same problems.

S. DeNardo: But you must have a ball-park cost that you are aiming
at to provide the product.

Tofe: No, not at this point. A lot of our thinking will come out of this
meeting, what we perceive the need is going to be. If you want my defini-
tion of cost—how high we can go (we all want to keep it low) and how
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high the medical profession will accept—I think it's pretty much propor-
tional to the importance of the clinical information being obtained.

Handmaker: A couple of things have concerned me over the last few
days. Although I was not present during the sessions of the previous two
days, I was elsewhere reading a lay journal, which seems to cover nuclear
medicine as it pertains to the subject matter today more carefully than we
cover it, The Wall Street Journal.

11 regard to Dr. Lamb's comments (and I think Dr. Saenger also made
a comment that Cal Brantley addressed), I believe there will be a crisis far
beyond what one could answer with the question of how much iodine-123
is going to cost. The answer may be, "Infinite."

Iodine-123 may not be available; it may not be available for a variety
of reasons; and I think this forum is an interesting one to ask the
gentlemen in front as well as behind us to ask at Radiopharmaceutical
Advisory Committee tomorrow. I do not think we can act too quickly in
forming an ad hoc committee, or some method, for seeing how we shall
deal with the problem at Oak Ridge, the problem that will exist when Car-
bide exits the reactor facilities they currently operate and manage.

I don't believe there is any controversy except perhaps for the gentle-
man from DOE who is not in California where the demand for iodine-123
is extremely high and where it is a product which is extremely active and
very much in demand by physician users. I think there is no question that
this meeting should emphasize the use of iodine-123. It will never happen
if the isotope separation program terminates or remains in the state it is in
now, which is essentially, for the enriched material, terminated. I don't
think that this is the time—it may be already past—when we had better
address the issue which the manufacturers' side has to know about, and
which is "Where are the raw materials going to come from? Is it going to
require more cooperation or less?" Intellectually, I rather like Gene
Lamb's notion of the Crown Corporation. On the other hand, talking
abcut government involvement brings the Post Office to mind; I am a little
concerned about its ability to deliver the product.

Maybe the question is, "Am I alone in thinking that this crisis exists
way beyond the scope of the scientific discussion?" If I am not alone, then
I think tomorrow is the time to ask for a reaction. What aic we going to
do so that we are a year ahead instead of a year behind? I was flabber-
gasted at the Carbide announcement, in The Wall Street Journal, before a
group of people like this who really were aware of the implications of that
article, that we were "blindsided" in effect. I do not question Carbide's
decision; they know where the money is; maybe they are telling us some-
thing. If they can't run the laboratory effectively, if they don't feel it's
profit making, then there may be serious problems, and the physician users
and the patients downstream are going to suffer.
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Tofe: I can only add that the American College of Nuclear Physi-
cians and the Society of Nuclear Medicine, as well as industry, should
quickly address this matter.

Voice: Some comments here lead me to believe that the people who
have made them somehow equate doing a radio tracer study in a person as
not being basic research. What I am going to say may be redundant or
irrelevant, but of course that never stopped anybody from saying anything
at a medical meeting anyway. But, it is important to understand—and I
apologize to people who may not understand it completely—that, when I
put radioactivity into a patient, that it may be equivalent to your gamma-
ray spectrometer or your ultraviolet light spectrometer or your infrared,
and I'm sorry I can't do a melting point. But part of my measuring instru-
ment is a living, breathing human being.

I also apologize that, unfortunately, only physicians can do that. That
may not be the best case or best way it should be, but that's the way it is.
But I would submit that if Henry Wagner or Len Holman or Dave Kuhl
or someone else can take a large group of patients who are called
demented or schizophrenic and if he can identify five specific ideologic or
five different pathogenetic mechanisms, that is of importance as profound
as discovering a new particle, and it's basic research. The fact that it goes
into a patient doesn't mean that it is clinical and that it can be exploited
in a commercial sense.

So the people in this room who are asking for iodine-123 for basic
research should not be considered, or their demands should not be dis-
cussed, in the same breath as those who want sodium iodine-123 to do thy-
roid uptakes. That is a different topic. Frankly I am here to try to exploit
a better source of iodine-123 to do basic research that happens to use
patients.

MaMox: If I understand you correctly, when you talk about Union
Carbide, I presume you're talking about the Union Carbide contract
announcement at Oak Ridge; at the moment you know almost as much
about it as I do. But to the best of my knowledge, not a single facility
whatsoever in Oak Ridge is owned by Union Carbide. It is all owned by
the U. S. taxpayers under the auspices of the U. S. Department of
Energy. And we change contractors every once in a while at most of our
facilities. Carbide at the moment has been the longest running contractor
operating at Oak Ridge; previously it was duPont; before that it was
Tennessee Eastman; and apparently, there will be a fourth one. This is
true in other facilities, so I can only presume all that will happen will be
that a new contractor will be brought in after some sort of selection and
the facilities will continue to operate as they currently are.

Tofe: I think we can turn this around and look at it as an opportunity
to speak to the new contractor.
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The overall goal of this meeting is summarized by a comment Benjamin
Franklin made at the signing of the Declaration of Independence. He is
quoted as saying, when he put down his pen, "Gentlemen, we must all
hang together or assuredly we shall all hang separately." That represents
the position we are in with respect to the field of nuclear medicine.

In no sense does this indicate any fear that nuclear medicine will not
continue to prosper in the future, but I think that it is essential for those
of us who are in the field to work together. There are problems which we
will not be able to tackle as individuals.

The field of nuclear medicine has been, and will continue to be,
dependent on the national laboratories and the Department of Energy
(DOE). No force in the country or in the world has done more to develop
nuclear medicine than the Department of Energy. It behooves us to do all
we can to make sure that both basic and applied sciences in the Depart-
ment of Energy get adequate support. One of the reasons why this meeting
is being held is to try to present our accomplishments to the public, who
pay for all these things, and to describe our goals for the future.

Nuclear medicine is a living specialty, and living things are character-
ized by the fact that they follow an S-shaped growth curve. They have a
lag phase, a phase of logarithmic growth, and then a plateau. The plateau-
ing results from two things: (1) depletion of substrate and (2) the accu-
mulation of toxins. We live in a climate of so-called competing imaging
technologies. Those of us who are in the field of nuclear medicine can take
great pleasure in the fact that nuclear imaging represented the first major
advance in imaging since the discovery of X rays by Roentgen. It made
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possible the visualization of organs such as the liver which cannot be seen
with conventional X rays. Today there are imaging technologies far better
than nuclear imaging for revealing structure. Many of these technologies
were developed as a result of advances in the field of nuclear medicine,
e.g., the use of computers and the development of tomography. It would be
unfortunate if we reach a turning point in our field and do not turn. As
Dr. Stocklin said this morning, the direction of the field is toward bio-
chemistry. The future of nuclear medicine lies in chemistry.

It is also essential that we try to link our procedures to important med-
ical decisions. The success of thallium-201 imaging is due to its role in
helping lo solve the problems of coronary artery bypass grafting. If coro-
nary artery bypass grafting had not developed, the use of thallium would
not be as widespread as it is today. The use of gaIlium-67 is linked pri-
marily to the emphasis that this country has placed on cancer treatment.

Hence I believe we should continually ask ourselves with what particu-
lar medical fields nuclear medicine should align itself. In my opinion, the
greatest potential today is in linking nuclear medicine with pharmacology.
We are living in an absolutely revolutionary period with respect to phar-
macology. An example is the field of cardiology, where we have a large
number of extremely powerful drugs, which must be used in patients with
very complicated diseases. One goal of nuclear cardiology is to try to indi-
vidualize patient therapy.

Similar goals are being set in neurological diseases, such as Parkinson's
disease, Huntington's disease, Alzheimer's disease; epilepsy and stroke; and
the psychiatric disorders, schizophrenia, anxiety, and depression. One
example is the treatment of schizophrenic patients with neuroleptic drugs.
There is a very narrow zone between a patient's having hallucinations and
having to stay in a mental hospital and the development of tardive
dyskinesia as a result of treatment. A psychiatrist from a mental hospital
in Baltimore told me that, when he went into a food market in his neigh-
borhood and saw some patients he was treating, he was shocked by the
way they walked and looked. They all looked as if they had Parkinson's
disease. That's the problem. The hope is that we can learn something
about the causes and the optimum treatment of these heterogeneous
diseases. Maybe we can help prevent them. At least we may be able to
plan or individualize treatment in diseases of the brain in the same way as
in diseases of the thyroid.

We have to have iodine-123 of high quality; that means the (p.Sn)
material. The limiting factor with iodine-123 is economic, but, as has been
pointed out in several papers in the last couple of days, there are serious
instrument problems with respect to the iodine-124 content. We must get
rid of those problems, and that is why we need the (p,5n) material.
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I would like to nominate Henry Wellman as the czar of iodine-123 for
the Department of Energy, with the charge to devise a plan to make
iodine-123 available on a regular basis.

I haven't heard anybody in industry object to the development of
iodine-123 by DOE. The radiopharmaceutical industry should work closely
with the national laboratories to make sure that pure iodine-123 is readily
available to everybody, Industry can then compete in the development of
compounds. Isojjropyl amphetamine or analogs of that sort depend on hav-
ing pure iodine-123 available. The DOE should develop a task force to
make sure that pure iodine-123 is available. There are some functions the
government can do better than private industry can. Perhaps ionic iodine-
123 should be provided by a combination of the national laboratories and
industry.

Industry should be assured that the national laboratories will not com-
pete with them on a long-range basis. Production could be by national
laboratories initially, and then be transferred over to industry at the proper
time.

With respect to the FDA, I believe that we should reaffirm that
radiopharmaceuticals are significantly different from stable drugs. That
was the basis of their original exemption. In 1975 the radiopharmaceuti-
cals were put again under the FDA. It was soon forgotten that there are
significant differences between radiopbarmaceuticals such as inert noble
gases which are given only once to a patient and a long acting stable drug
of the type which is used to treat a patient with arthritis or cancer. FDA
regulations are required by the Food and Drug Act, and guidelines and
regulations enforce the law; but I think it behooves us as members of our
professional societies to make sure the proper laws and guidelines are writ-
ten which distinguish radiophannaceuticals from stable drugs.

One obvious difference is that we get information from each study. If
the study gives the information we are asking for, it has been successful. If
you give a drug to a patient with arthritis, you have to use very compli-
cated, randomized, controlled, detailed, long-range studies to find out if it
is effective.

We should readdress the differences between radiophannaceuticals and
stable drugs. The experienced people in the Food and Drug Administration
are doing their best, but they are used to dealing with stable drugs. Princi-
ples based on stable drugs are so ingrained in their way of thinking that it
is difficult for them to look at the important differences in the case of
diagnostic tracer drugs.

It is very important for us to define our objectives and our accomplish-
ments and present them to our political leaders. It is essential if we are to
justify their continued confidence and support. Times are changing in the
biomedical community in the United States. More than ever before we
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must get out of the laboratories some of the time and do these things
which are necessary to justify the support of research that is so vital.

Nuclear medicine has been fortunate that its budget within DOE has
not been cut. We are all here because we believe that the fruits of our
efforts in the field of nuclear medicine are all very worthwhile for human-
ity.

In concluding, I would like in particular to thank Henry Wellmaa and
Peter Paras. I wish to thank the guests from overseas; it was a real treat
and of great benefit to have Dr. Cuninghwne and Dr. Silvester and others
from overseas who inspired us to try to do better.
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semi-automated radiochemieal

manipulations, 171
cardiovascular system

goW-195m, 334
imaging with iodine-123,462

carrier-free itotopet, 87
carrier-free procedures, 272
carrier-free radiohafogen labeling, 476
cell neoplasms, biological indicators, 402
cerebral infarction, diagnosis, 315
cerebrum, radionuclide kinetics, 313
cesium target, 234
cbelates, 408
Chemical Classification System, 55
C1L (see Byk-Ma!linckrodt Cyclotron and

Isotope Laboratories)
cinescintigram

characteristics, 451
fractional-variation image sequence, 452
pulmonary, 450
tidal activity and functional residual

activity functional image, 4S2
time to maximum functional image, 453
time-vs.-activity sequential images, 451
time-vs.-difference sequential images, 452

clinical cyclotron, 87
clinical studies, 306
Clinton P. Anderson Meson Physics

Facility, 147
CNL (see Crocker Nuclear Laboratory)
coagulation, 25

process in cancer, 351
commercial cyclotrons, 101
continuous administration tracer

techniques, 445
cooperative programs, 264
copper-67

production, 155
separation processes, 155

cow, 44
Crocker Nuclear Laboratory, 191, 204
CUJAJ alloy targets, 272
cyclotron, targets, 171
cyclotron production of high-purity l a I ,

203
cyclotrons, versatility and energy

capability, 227

(d,6n) reactions, 270
ceferoxamine, 83

Department of Energy, 264
Department of Transportation, 259, 263
dctferrioxunine, protein complexing, 485
diagnostic radraisotopes, ideal properties, 47
DIPSE, brain uptake studies, 326
dithiotemicarbazone, 83
DMF (see Drug Muter File)
DOT {see Department of Transportation)
Drug Muter File, 259
DTS (see dithiosemicarbazone)
dynamic monitoring, 445

electron capture, 52
etoctrophilic radiobalogenating agents, 476
eluant, 118
eluate, contamination of, 118
energy requirements for radioUotope

production, 139
England, 104
epilepsy, diagnosis, 317
estrogen, labeled with bromine-77, 339
ethanol-ult fractionatkm, 357
Europe

medical accelerators, 88
radioisotope producing centers, 89
radiopharmaceuticals in, 86

fatty acid metabolism, 489
fatty acids

catabolism, 308
iodine-123 labeling, 2S7
labeling, 272
labeling technology, 267, 289
labeling with iodine-123, 462,488
metabolism, 289
methyl-branched, 303
para-iodophenyl-substituted long-chain,

292
radioiodinated, 289, 306
stability of labeled, 294
vinyl iodide, 294

FDA (see Food and Drug Administration)
Fermi Industrial Affiliates, 179
Fermilab (see Fermi National Accelerator

Laboratory)
Fermilab National Accelerator Laboratory,

179
fibrinogen, 352

labeling, 83
with iodine-123, 352

fibrinolytic activity in cancer, 352
fibrinopeptides A and B, 354
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fluorine-18, 46, 87
production, 99, 132, 241
production and transport, 176
semi-automated radiochemical

manipulations, 171
Food and Drug Administration, 54, 2S9, 263
Food, Drug, and Cosmetic Act, 54
France medical cyclotron, 87
Freedom of Information Act, S3
functional images of respiratory cycle, 451

gallium-67
production, 266
reactions for production, 140

gallium-68, 46
protein labeling, 484

generators, llmKr, 242
gcrmanium-68, 46
gold-19Sm, 267

cardiovascular system, 334
ejection fractions, 118
production and properties, 33S
radiation doses to patients, 118
relative counting efficiency, 337
single photon emitter for cardiovascular

studies, 334
studies, 118
wall-motion studies with, 118

gold-195m eluates, animal tests on, 120

half-life classification, 44
Hammersmith Hospital cyclotron, 241
Hammersmith Hospital in London, 87
Harwell Variable Energy Cyclotron, 104
heart

angiography, US
glucose tracers, 278

heart metabolism, tracer techniques, 306
Heidelberg compact cyclotron, 99
hexadecanoic acid (IHA), 238
high-flux isotope reactor, 183
Holland medical cyclotron, 87
humans, studies, 172
hydroboration, 378
hypertension, diagnosis, 393
"*"Hg-»'M"Au generator, 104
»«»Hg—"5-Au generator, 115

imaging effects of (p,Sn)- and (p,2n)-made
iodine-123, 423

immunoassays, 372
immunoglobulini, pharmacokinetics, 403
in vivo studies, 30

IND (see Investigation*) New Drug
Applications)

India, 72
Indiana University

applied research projects, 222
basic nuclear research, 222
medium-energy, muhiparticle cyclotron

facility, 222
Indiana University Medical Center, 229
indium-111, reactions for production, 140
indium-113, protein labeling, 484
Institute for Physical and Chemical

Research, 74
Institute of Atomic Energy Research,

Chinese Academy of Sciences, 73
instrumentation, 172
intracoronary use of rubidium-82, 457
intravascular coagulation, 352
Investigational New Drug Applications, 54
iodine isotopes, 26

in vivo studies, 30
physical and biological properties, 15

iodine-121, 46
iodine-123, 13, 25, 26,42, 46, 106, 140, 494

applications, 48
carrier-free, 174
clinical studies, 393
coagulative properties, 36
commercial purity, 29
comparative studies, 19
counting efficiency, 30
cyclotron production of high purity, 203
development and clinical application, 384
distribution in Caaada, 128
economics, 262

efficacy for thyroid imaging, 415
ethanol-salt fractionation labeling of

fibrinogen, 357
fibrinogen labeled with, 352
generator production of high purity, 190
labeled compounds, 462
labeling, 80
labeling of iodoamphetamiiei, 312
labeling properties, 377
monoclonal antibodies labeled with, 124
oral administration, 78
pH effects on, 323
photo emission spectra, 109
(p,2n) vs. (p,5n) isactions, 471
production, 23, 35, 89,9V, 99, 104, 132,

155, 242, 247, 289
production and development, 268
production and distribution, 262
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production and met, 232
production from, 456
production of high purity, 229, 244 252
purification, 210
purity, 27, 314
purity of commercial, 142
radiation-dote companion, 144
radiochemical properties, 489
radiochemical purity vs. production

method, 423
radtacbemistry, 33
radtapharmaceuticak for brain imaging, 312
separation processes, 155
specific activity, 484
supply, 72
supply and demand, 256
targets, 208
tissue distribution, 314,489
total-body scanning, 494
uses, 115
IMTe(p,2n)123I reaction, 174

iodine-123 Hippuran, 238
iodine-123 orthoiodohippurate, 39:
iodine-123 mefo-iodobenzyl-guanidine,

clinical properties, 384
iodine-124. contamination, 3ifl
iodine-125, 26

containment, 261
iodine-130,45
iodiae-131, 14,26,45

counting efficiency, 30
•odine-132, 45
IPF (set Isotope Production Facility)
iron-52,46

cross section, 157
physical properties, 168
production, 155, 242
separation processes, 155

ischemia, clearance rates in irreversible, 307
isotope generator, 44
Isotope Production Facility, 147
isotope purity, 77, 108
IUCF (see Indiana University medium-

energy, miiitiparticle cyclotron
facility)

IUI hippurate, 80
I UI rose bengal, 80
'"I-fibrinogen, 36
l2JI-6-iodomethyl-9-norchole»terol, 80
l23I-iodonwthyl norcholesterol, 85
'"I-N-uopropyl-p-icdoanipbetamiDe, brain-

imagiag agest, 259
'"I-o-iodohippurate, 455

12'I(p,2n)123Xe—I reaction, 229
l27I(p,5n)mXe—11JI reaction, 191, 204
17-1J3I-iodoheptadecanoic acid

blood clearance, 306
evaluation, 290

Japan, 74,83
Japan Machinery Federation, 75

ketoxal-bis-thiosemicarbazone, 83
kidneys, dynamic function studies, 394
krypton-81m, 46

elution by humidified air, 451
European Krypton Club, 96
physical properties, 169

KTS (see ketoxal-bis-thiosemicarbazone)

labeled compounds
design and rapid synthesis, 172
stereo- and regiocheinistry, 377

labeling agents, 83
LAMPF (see Clinton P. Anderson Meson

Physics Facility)
lead-203, production, 177, 242
lead-210,44
lead-212,45
lesion, measurement of size, 429
line spread function, measurement, 429
Lot Alamos, radiotsotope production, 147

MaUinckrodt, 266
Mallinckrodt Institute at Washington

University, 87
mammary glands, imaging agents, 339
man-made radioasotopet, historical aspects,

45
manganese-52m, physical properties, 168
manufacturers of radtopharmaceuticals, 139
MARIA (set Medical Accelerator Research

Institute in Alberta)
marketing. 111
Medi-Phytict, Inc., 256
Medical Accelerator Research Institute in

Alberta, 134
medical cyclotron, 46, 50, 52, 72,87, 129,

256, 266
four types, 89
in United State*, 141

mercury, elution of gold from, 118
metasutic disease, diagnosis, 494
methyl iodide, 106
microprocessors, 172
mobile imaging service facility, 254



SUBJECT INDEX 553

molten N i l target lyitem, 208, 215
monoclonal antibodies

indium-Ill ltbeling, 257
iodine-123 labeling, 257
labeling, 372

monoclonal antibody production through
hybridization, 101

MOSE, 323
brain uptake studiei, 326

MOSE-P, brain uptake studiei, 326
MPI (see Medi-Phytict, Inc.)
myocardial Tatty acid metabolism, 488
myocardial imaging agents, 488
myocardial retention, 489
myocardium

clearance, 306
clearance rate of radioactivity, 303
imaging with iodine-123, 462, 488
radionuclide kinetics, 290
scintiscanning with rubidium-82,457

N-chlorosucciniiuide, organic oxidizing
properties, 477

N-isopropyl-p-iodoamphetamine labeled with
1I3I, 312

N-isopropyl-p-['23I]-iodoamphetamine, labeled
with iodine-123, 320

National Academy of Sciences, 58
National Chest Hospital in Nakano, 74, 83
National Gumma University, 75
National Institute of Radiological Sciences in

Chiba, 74, 83
National Osaka University, 74
National Science Foundation, 222
National Toboku University, 74
National University of Kyoto. 75
NDA (see New Drug Application)
neoantigens, 402
New Drug Application, 54, 138, 247, 256

safety and effectiveness, 56
therapeutic potential, 56

New England Nuclear, 264
Ninon Medi-Physics Co., 74
nitrogen trap, 106
nitrogen-13, 87

production, 99, 241
NRC [see Nuclear Regulatory Commission)
nuclear cardiology, 289
nuclear magnetic resonance, needs for stable

isotopes, 60
nuclear medicine

government policy, 72
historical aspects, 45
optimum practice, 23
patient management, 24
thyroid procedure*, 17

nuclear pharmacies, 254
Nuclear Regulatory Commission, 259
Nuclear Research Center in JUlich, 268
nuclide-antibody bond, 401

Oak Ridge Calutron facility, 58
Oak Ridge National Laboratory, 184,26S

86-inch cyclotron, 183
organoborane, 377
organoboranes, rapid and quantitative

labeling, 378
organopentafluorotilicatet, labeling, 482
ORNL (see Oak Ridge National

Laboratory)
orthoiodohippurate, 80
osmium-191, production and transport, 176
oxygen-15, 87

production, 99,241
semi-automated radiochemical

manipulations, 171

packaging, 109
pancreas, imaging, 285
partition coefficient, 446
partition coefficient vs. pH shift, 321
patient

radiation dose, 269
radiation doses, 27, 29,47, 83, 455,489

from gold-195m, 267
from iodine-123, 393
from (p,Sn)-vs. (p,2n)-

made iodine-123, 423
thrombi, 36

People's Republic of China, 72
perfused organs

diagnostic techniques, 320
fatty-acid uptake, 306

phospborus-32,44
photon emitter, ideal properties, 47
photon merit ratio, 47
physiologic modeling, 172
PIPSE, brain uptake studies, 326
positron-emission tomograph, 46
potassium-42, 45
potastium-43, production, 242
price* for irradiation services, 188
pricing. 111
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programming applications, 172
prottin-chelon complexes, 48S
proteins, labeling, 484
proton irradiation damage, 153
pulmonary cinescintigrams, 450
pyrogenicity

animals, 118
humans, 118

(p,2n) reaction, 257, 258
(p,2n) reactions, 270

quality control procedures, 109
quantitative imaging methods with iodine-

123, 455

radiation absorbed dose estimates, 455
radiation damage to space-related materials,

227
radiation dote, 401
radiation dose to patient, 259, 269
radiation doses, 489

comparative for gold-195m and
technetium-99m, 118

reduction, 49
radiation dosimetry, 27

radiocontaminants, 29
radiochemistry of radioisotope production,

171
radiohalogenated drugs, preparation, 132
radioimmunotherapy technology, 401
radkriodinated agents, 377
radioiodinated fatty acids, 289

clinical studies, 306
radioisotope producing centers in Europe, 89
radioisotope production, 58, 132, 227, 241

accelerator, 50
Canada, 124, 127
energy requirements for, 139
indirect method, 53
Los Alamos, 147
radiocbemistry, 171
United States, 138
yields, 100

radioisotope production at Fermilab,
feasibility, 179

radioisotope production difficulties, 253
radioisotope purity, 455
radioiMtopet, 104

commercial production of, 132
discovered at LBL, 52
historical aspects, 42
short lived (see short-lived radioisotopef)

radiopharmaceutical localization, pH effects,
321

radiopharmaceutical manufacturers, 139
radiophannaceutkal production

technology assessment, 171
United State*, 138

radiopharmaceutical sales, 76
radiopharmaceuticals, 25, 227

design and production, 171
design and rapid synthesis, 172
economics of production and distribution,

262
in Europe, 86
iodine labeling, 377
licensing, 54
manufacture, 256
manufacturers of, 139
production, 252
production and distribution, 262
reviews, 42

rapid chemistry, 292
rare isotope production, 58
RBE (see relative biological effectiveness)
regional blood pH, 321
regulatory requirements, 259, 263
relative biological effectiveness, 48
relative counting efficiency of '""Au, 337
renal diseases, radiopharmaceuticals, 25
renovascular hypertension, 393
Research Institute for Industrial

Automation, 73
research programs with iodine-123 labeling,

257
rubidium-81,46

production, 89, 99, 242
rubidiuin-81-Hcrypton-8lm generators, 171,

174
rubidium-81-krypton-81m, reactions for

production, 140
rubidiura-82

elution, 24V
generator, 457
intracoronary injection, 457
intracoronary use of, 457
myocardial localization, 457

rubidium-krypton generators, 134
ruthenium-97, physical properties, 169

sales, 111
seleoium-73, production, 177
selenium-75, labeled compoands of tertiary

diamines, 322
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short-lived radioisotope development at
E. R. Squibb & Sons, Inc., 247

short-lived radioisotope production, in
Europe, 86

short-lived radioisotopes, 21, 86, 87
accelerator produced, 138
definition, 262
development, 23
production and use, 72

Asia, 72
Japan, 72

single photon emission computed
tomography, 312, 320

single photon generator, 334
single photon ring tomograph, performance

testing, 384
SLOWPOKE reactors, 129, 131
SLR (see short-lived radionuclides)
Society of Nuclear Medicine, 264
iiodium-24, 45
sodium cyanide, elution efficiency, 118
spallation, 232

cross sections, 157
threshold, 147

SPECT (see single photon emission
computed tomography)

SPRINT (see single photon ring tomograph)
separation, 184
stable isotopes, 59

standard column, 118
sterility and apyrogenicity tests, 118
strontium-82-rubidium-82 generator, 248
sugar analogues, 278
Sweden medical cyclotron, 87

target material, 215
production, 184
stable isotope, 60

tcchnetium-99m, 46, 118
availability, 143
comparative studies, 19
efficacy for thyroid imaging, 415

technology transfer, 172, 259
technology utilization

political aspects, 24
risk assessment, 24

tellurium-123, 4S6
targets, 244

tellurium-124 target optimum properties, 99
tellurium-132, 45
tert-butylhypochlorite, properties, 477
tertiary amines, 321
testes, imaging with iodine-123, 462

thallium-201, 140
production, 266

The Krypton Club, 242
thrombi, 36
thromboplastic activity in cancer, 352
thrombus localization, 462
thyroid, absorbed radiation dose, 14
thyroid cancer, 14
thyroid diseases, radiopharmaceuticals, 25
thyroid imaging, 17

efficacy of T c and I23I, 415
thyroid nodules, 415
thyroid procedures, efficacy of, 18
thyroid uptake, 17, 22, 32
tissue distribution

of iodine-123, 489
pH effects, 321

titanium-45, production, 177
total-body scanning, 494
tracer kinetics, 171, 172
tracer techniques

continuous administration, 445
dynamic monitoring, 445

transport, 109
Tri-Universities Meson Facility, 128
triazene decomposition, 293

reaction, 488
TRIM (see TRIUMF Medical Isotopes)
trimethylsilylphenols, labeling, 479
trimethylsilyltoluenes, labeling, 479
TRIUMF (see Tri-Universities Meson

Facility)
TRIUMF Laboratory, 232
TRIUMF Medical Isotopes, 128
tumor markers, 402
twinkling atoms, 44

short-lived, 53
9-[123l"Te]telluraheptadecanoic acid,

myocardial retention, 489

United States medical cyclotron, 87, 141
United States radiopharmaceutical

production, 138
University of Michigan Nuclear Medicine

Research Program, 384
University of Tokyo, 74
U.S. Pharmacopeia, 474
USP (see U.S. Pharmacopeia), 474

VEC (see Harwell Variable Energy
Cyclotron)

venous thrombosis, 352
vinyl iodide fatty acids, 294
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West Germany medical cyclotron, 87 xenon-123-Modine-123 generator, 253
'"Xe-coUectkm and "^-purification systems,

X radiation, 14 210
xenon 123, 108 l23Xe—ISI generator, integrally shielded,

Election system, 210 190
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