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DEDICATION
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his work in internal dosimetry.

iii



ACKNOWLEDGMENTS

Many people contributed to the publication of this book. The editors
gratefully acknowledge all who assisted in preparing and printing the publication.
The authors of the papers deserve our special gratitude for making this book
possible. We regret that some authors were unable to submit their manuscripts in
time to be included. The Center for Devices and Radiological Health and the Center
for Drug Evaluation and Research of the Food and Drug Administration, as well as the
Energy Research Division of the Department of Energy, provided necessary publication
funds. Information Services of Oak Ridge Associated Universities advised and helped
coordinate the tasks associated with the printing and binding.

We also wish to acknowledge the companies that provided travel funds for
invited speakers at the meeting: Centocor, Inc., Malvern, PA; Cytogen Corporation,
Princeton, NJ; DuPont Radiopharmaceuticals, North Billerica, MA; Mallinckrodt
Medical, Inc., St. Louis, MO; Squibb Diagnostics, Princeton, NJ; Syncor
International Corporation, Chatsworth, CA; and Tri-Med Specialties, Overland Park,
KS.

Dr. A. Bertrand Brill, better known to all of us as Randy, advised and
assisted us, particularly by editing the Panel Discussion and encouraging delinquent
authors to submit their manuscripts.

Mike Stabin, James Stubbs, and Sue Holloway kept the audio tape equipment
going so that the discussion sessions were recorded for transcription. This enabled
us to provide the reader with information that was not presented in the written
documents.

Finally, we specifically wish to express our appreciation to Fanny Suith,
Connie Littleton, and Bendi Lowery who transcribed the discussions from tapes that
often were unclear, with special thanks to Fanny for retyping manuscripts and
sections of manuscripts that could not be printed as received.

Evelyn E. Watson
Audrey T. Schlafke-Stelson

iv



CONTENTS

DEDICATION iii

ACKNOWLEDGMENTS iv

TABLE OF CONTENTS v

STRATEGIES FOR DOSE ASSESSMENT

Session Chairpersons: Roger J. Cloutie- and Evelyn E. Watson

Risk Assessment from Heterogeneous Energy Deposition in Tissue,
the Problem of Effects from Low Doses of Ionizing Radiation

L. E. Feinendegen and J. Booz 1

Strategies to Improve the Efficacy of Radioimmunotherapy:
Radiobiologic Aspects

J.Y.C. Wong, X. Yan, R.'R. Buras, J.A. Kuhn, L.E. Williams,
A.J. Demidecki, J.M. Esteban, B.G. Beatty, J.D. Beatty 8

Health and Dosimetry Considerations in the ICRP 1990
Formulation of Effective Dose

K.F. Eckerman 28

Effective Dose to the Patient from Radiopharmaceuticals
Calculated with the New ICRP Tissue Weighting Factors

L. Johansson, S. Mattsson, B. Nosslin, and S. Leide 41

The Interpretation of Animal Data in the Calculation of
Doses from New Radiolabeled Compounds

G.P.L. Naylor, M. Ellender and J.D. Harrison 52

A New Approach to Radiopharmaceutical Dose Assessment
M.F. Desrosiers and B.M. Coursey 57

DOSE ESTIMATION FOR RADIOIMMONOTHERAPY

Session Chairpersons: Barry L. Wessels and Jeffrey Y.C. Wong

External Beam and Radioimmunotherapy Dosimetry Comparison of
Colorectal Xenografts

B.W. Wessels, W.P. Neacy, E.D. Yorke, and H. Sands 66

Mathematical Analysis of the Uptake Kinetics of Antitumor
Antibodies in the Spheroid Model of Free Floating Micrometastases

C.S. Kwok and S.K. Yu, and R. McFadden 77

Radiation Absorbed Dose and Tumor Response During Therapy
with 3F8 Iodine-131 Conjugated Monoclonal Antibody

N-K.V. Cheung, K.S. Pentlow, M.C. Graham, S.J. Yeh, R.D. Finn,
and S. Larson 95



Pharmacokinetics and Dosimetry of the Radioiodine-Labeled
Monoclonal Antibodies C-215 and C-245 Studied in Two
Patients with Adenocarcinoma

E.F. Aronsson, J. Gretarsd6ttir, L. Jacobsson, S. Mattsson,
S. Holmberg, L. Hafstrom, B. Karlsson, and L. Lindholm 113

Dosimetry for the Therapeutic Application of HMFG1 MoAb by IP
Infusion Using Whole Body Profile Counting and Serial Blood
Sampling

A.V. Heal, I.B. Tyson, and J. Madden 130

Radiation Dosimetry of Y-90-Labeled Monoclonal Antibody CO17-1A
Prepared by the Site-Specific NH2-BZ-DOTA-3A Technique

L.C. Washburn, J.B. Stubbs, Y.C.C. Lee, T.T.H. Sun,
E.C. Holloway, J.E. Crook, M.W. Brechbiel, O.A. Gansow,
and Z. Steplewski 144

Radium-223: An Alpha Emitter for Radioimmunotherapy. (Abstract)
D.R. Fisher, D.W. Wester, CM. Wai, and T.E. Hui 151

National Standards for Diagnostic and Therapeutic Nuclides
B.M. Coursey, J.M. Calhoun, J. Cessna, D.B. Golas,
D.H. Gray, D.D. Hoppes, F.J. Schima, and M.P. Unterweger 152

DOSE CALCULATION TECHNIQUES AND MODELS

Session Chairper; ̂ ns: Keith F. Eckerman and John W. Poston, Sr.

Effect of Pregnancy on Radiation Absorbed Doses for Indium and
Gallium

K.A. Lathrop, B.M. Tsui, and P.V. Harper 167

Radiation Absorbed Dose to the Human Fetal Thyroid
E.E. Watson 179

Dosimetry of Intrathecally Administered Radiopharmaceuticals
L. Johansson and B. Nosslin 188

Prediction of Radiation Dose to the GI Tract from Analysis of
Blood and Liver Time-Activity Curves

M.G. Stabin 202

Choosing Representative Body Sizes for Reference Adults and
Children (Abstract)

M. Cristy 219

Dose Transformation Factors for Indian Physiques of Different
Age Groups

S.C. Jain, S.C. Mehta, A.R. Reddy, and A. Nagaratnam 220

A New Mathematical Model of Gastrointestinal Transit
Incorporating Age- and Gender- Dependent Physiological Parameters

J.B. Stubbs 229

VI



Absorbed Dose Calculations to Blood and Blood Vessels for Internally
Deposited Radionuclides

G. Akabani and J.W. Poston, Sr 243

Biodistribution Parameters and Radiation Absorbed Dose Estimates
for Radiolabeled Human Low Density Lipoprotein

R.V. Hay, J.W. Ryan, K.A. Williams, R.W. Atcher,
M.W. Brechbiel, O.A. Gansow, R.M. Fleming, V.J. Stark,
K.A. Lathrop, and P.V. Harper 256

DOSE CALCULATION TECHNIQUES AND MODELS (CONTINUED)

Session Chairpersons: Robert W. Atcher and Wesley E. Bolch

Reevaluation of S-Values Considering Electron Transport
G. Akabani and J.W. Poston, Sr 274

Ei hancement of Radiation Dose to the Bone Marrow from
Back-scattering of Electron Sources

C.S. Kwok, A. Hadjiyannakis, and S.K. Yu 284

A Model for Electron and Beta Energy Deposition within Trabecular
Bone

T.W. Shearer, G. Akabani, W.E. Bolch, and J.W. Poston, Sr 290

Calculations of Scaled Dose Kernels for Electrons in Tissue
J.C. Liu, G. Akabani, W.E. Bolch, and J.W. Poston, Sr 297

Point-Pair Distributions for Internal Dosimetry
R.E. Faw and J.K. Shultis 309

SPECTDOSE: A Computerized Radiation Dosimetry Methodology for Use
with Radiolabeled Antibodies using Quantitative SPECT

L.A. Wilson, W.S. Properzio, and William E. Bolch 334

Evaluation of Factors Affecting SPECT Derived Data for Application
in Dosimetry

A.M. Jabir, A.N. Serafini, S.K. Chandarlapaty, N. Rivera, and
G.N. Sfakianakis 352

DOSE ESTIMATION FOR POSITRON EMISSION TOMOGRAPHY (PET)

Session Chairpersons: Katherine A. Lathrop and Gary T. Smith

Special Aspects of Positron Dosimetry
P.V. Harper and K.A. Lathrop 366

VII



Dynamic PET Scanning and Compartmental Model Analysis to Determine
Cellular Level Radiotracer Distribution in Vivo

G.T. Smith, J.B. Stubbs, K.F. Hubner, and M.M. Goodman 371

An Approach to Cellular Level Dosimetry Using Compartmental
Analysis and Dynamic PET

J.B. Stubbs, G.T. Smith, M.G. Stabin, K.F. Eckerman,
and J . E. Turner 385

Application of PET and Compartmental Modeling in Estimation of
Cellular Level Microdosimetry: PET Studies of 1-124 Labeled 3F8
MAb in Human Glioma

F. Daghighian, K.S. Pentlow, S.M. Larson, M.C. Graham,
G.R. DiResta, S.J.D. Yeh, H. Macapinlac, R.D. Finn,
E. Arbit, and N-K.V. Cheung 396

KINETICS FOR DOSE ESTIMATION

Session Chairpersons: Katherine A. Lathrop and Gary T. Smith

Radioarsenic Labeled Compounds: Synthesis and Biological
Evaluation for Potential Application in Nulcear Imaging and Therapy

A.M. Emran, J.B. Stubbs, N.M. Shanbaky, and D.R. Phillips 419

Radiation Dosimetry for Tc-99m MAG-3 in Adults and Children
M.G. Stabin, A. Taylor, Jr., J.J. Conway, D. Eshima,
W. Wooten, and J. Halama , 434

Biokinetics and Dosimetry of Tc-99m-Hm-PAO in Children
E. Vestergren, L. Jacobsson, S. Mattsson, L. Johansson,
J. Bjure, R. Sixt, and P. Uvebrant 444

An Alternative to Convolution Integrals for Radiation Absorbed
Dose Calculations

M.G. Stabin and E.E. Watson 457

KINETICS FOR DOSE ESTIMATION (continued)

Session Chairpersons: Darrell R. Fisher and Michael G. Stabin

Dosimetry of Tc-99m-P53, A New Myocardial Perfusion Imaging Agent
T. Smith, A. Lahiri, H.G. Gemmell, J. Davidson, F.W. Smith,
R.D. Pickett, and B. Higley 467

Preliminary Dosimetric Experience with 1-131 M195 Monoclonal
Antibody in Acute Myelogenous Leukemia (Abstract)

M.C. Graham, D.A. Scheinberg, F. Daghighian, K.S. Pentlow,
G. Liu, C. Divgi, P. Capitelli, and S.M. Larson 482

In Vivo Distribution and Dosimetry of Tc-99m-MIBl in Man
S. Leide, H. Diemer, L. Ahlgren, and S. Mattsson 483

viii



Evaluation of I-131-MIBG Uptake in Patients with Neuroblastoma:
Correlation with Clinical Follow-Up

A.R. Nogueira, T.C. Ferreira, L. Salgado, and M.R. Vieira 498

Panel Discussion 507
A.B. Brill, Moderator

SHALL SCALE DOSIMETRY AND MICRODOSIMETRY

Session Chairpersons: James B. Stubbs and Barry L. Werner

A Monte Carlo Simulation of the Boron Neutron Capture Reactions
in Cells - Microdosimetric Aspects

T. Nguyen and G.L. Brown 519

Development and Validation of a Simple Model for Cellular
and Cell Cluster Dosimetry with Practical Application in
Targeted Radionuclide Therapy

M. Bardies and M.J. Myers 531

Localized Beta Dosimetry of 1-131 in Human Thyroid
T.E. Hui, D.R. Fisher, andJ.R. Johnson 544

X-Ray and Radioiodine Dose to Thyroid Follicular Cells
R.E. Faw, K.F. Eckerman, andJ.C. Ryman 557

The Application of the Distance Histograms in Microdosimetry
for Evaluating Heterogeneity

E.B. van Dieren, A. van Lingen, J.C. Roos, and G.J.J. Teule 577

The Use of Autoradiographic Data for Estimating Tumor Cell Dose
in Alpha Immunotherapy

L.J. Shyr, J.H. Diel, I.Y. Chang, and R.A. Guilmette 589

Summary, S. Mattsson 600

List of Participants 606

Author Index 609

Subject Index 610



RISK ASSESSMENT FROM HETEROGENEOUS ENERGY DEPOSITION IN TISSUE,
THE PROBLEM OF EFFECTS FROM LOW DOSES OF IONIZING RADIATION

Feinendegen LE and Booz J
Institute of Medicine, Research Center Julich,

and Nuclear Medicine of the
Heinrich-Heine-University, Dusseldorf, FRG

ABSTRACT

Low doses of ionizing radiation from external or internal sources cause
heterogeneous distribution of energy deposition events in the exposed biological
system. With the cell being the individual element of the tissue system, the
fraction of cells hit, the dose received by the hit, and the biological response
of the cell to the dose received eventually determine the effect in tissue. The
hit cell may experience detriment, such as change in its DNA leading to a
malignant transformation, or it may derive benefit in terms of an adaptive
response such as a temporary improvement of DNA repair or temporary prevention of
effects from intracellular radicals through enhanced radical detoxification.
These responses are protective also to toxic substances that are generated during
normal metabolism. Within a multicellular system the probability of detriment
must be weighed against the probability of benefit through adaptive responses
with protection against various toxic agents including those produced by normal
metabolism. Because irradiation can principally induce both, detriment and
adaptive responses, one type of affected cells may not be simply summed up at the
expense of cells with other types of effects, in assessing risk to tissue. An
inventory of various types of effects in the blood-forming system of mammals,
even with large ranges of uncertainty, uncovers the possibility of benefit to the
system from exposure to low doses of low-LET radiation. This experimental
approach may complement epidemiological data on individuals exposed to low doses
of ionizing radiation and may lead to a more rational appraisal of risk.

INTRODUCTION

High doses of ionizing radiations are known to increase the risk of cancer
to the exposed individual. Whether cancer is induced in man and mammals from
exposure to low doses is unknown; epidemiological studies on exposed human
populations are most difficult and many confounding factors need be considered.
In order to appreciate potential carcinogenesis also from low doses, experiments
are essential as will be discussed in this presentation.

The action of ionizing radiation in the human body has to be considered in
a holistic manner. In a region receiving a low dose, radiation is absorbed only
by a fraction of cells that constitute organ tissue in that region; energy
depositions to individual cells trigger effects primarily at the atomic-molecular
level which is basic within the hierachy of interacting structures in biological



systems (16), consisting consecutively of atoms, molecules, cells, specific cell
populations and organ tissue.

THE CELL, ELEMENTAL UNIT OF LIFE

The perturbations introduced by ionizing radiation primarily at the basic
atomic-molecular level of organization may be transferred to higher levels. This
promotion of pertubations depends on the one hand on the initial extent of
disorder and on the. other hand appears to be inhibited or blocked by mechanisms
for protection that operate sequentially at more, complex structural planes (11).
Thus, cells have enzymes which defend against potentially toxic agents, such as
molecular radicals including oxygen-containing free radicals that are produced in
the course of normal metabolism and also by ionizing radiation. Other enzy.nes
take care of the repair of molecules, such as DNA, that are damaged. These
enzymes are instrumental in substrate synthesis for replacing damaged or lost
structures as long as information for replacement through functional DNA remains
available. At the organ-tissue level, mechanisms of defense, repair and
replacement operate for example, through the immune system and various
biochemical control signals regulating proliferation, differentiation and
maturation of cells. For all these responses, the cell is the crucial element of
tissue; i.e., the elemental unit of life.

THE RADIATION DOSE TO CELLS

In accord with the practice in radiation protection, the mass of the cell
is averaged to have 1 ng, with its cell nucleus of 270 pg, and is proposed to be
taken as the gross sensitive volume, GSV, within tissue in assessing the
evolution of radiation effects (1, 6, 7, 9, 11, 12, 18). Although the cell
nucleus with its DNA as the most crucial molecule for cellular function is known
to be more radiosensitive than the cytoplasm, the multitude of intrace1 lular
metabolic interactions is tuned to serve the entire cell. This makes the cell a
functional entity to be viewed as an individual composite structure. ID the
following, the cell is considered to be a spherical volume with an average mass
of 1 ng.

With respect to the intercellular matrix, radiation effects are considered
to be negligible as long as they do not interfere with cellular function. An
example of this would be the attack of toxic substances, such molecular radicals,
on cells from the interstitial spaces. At low doses of ionizing radiation such
events are comparatively rare and are here not considered further.

A distinction is made here between cellular and tissue dose. The amount of
energy that is deposited per radiation absorption event per GSV is conventionally
termed specific energy. Since the GSV is defined here as the cell, this energy
is specifically defined as the elemental dose, 8 (9). It has been shown that the
number of 5's per unit dose, D, to tissue, the conventionally used indication of
absorbed energy, is inversely related to the ionization density, i.e. the linear
energy transfer, LET, (2, 5, 14). In fact, D is equal to the product of the mean
elemental dose, 5, the number of such elemental doses, N, and the fraction of
cells affected by such doses, F.



D - T • N • F,

with 1 •& n < <*• and 0 <

Below a given level of tissue dose D of a given radiation quality with its
corresponding probability distribution of S's, N remains 1 and F is significantly
smaller than 1.

D=~E-N-F=~5-F (2)

fox D < < ~E and thus N = 1 and F < < l.

Thus it is only F that changes and determines the magnitude of the effect
with changing D at the tissue level. For "low dose" in this sense, i.e. for D «
5, the fraction of GSVs is much smaller than one, F « 1. Hence, in the low dose
region, most of the GSVs are not affected by radiation and F is equal to the
probability of being hit, a probability which is considerably less than one.

For a better understanding of radiation risk, not only absorbed tissue dose
but also the corresponding absorbed dose rate, D is to be considered. Dose
rate determines the mean cime interval, t, between two consecutive S's in a given
GSV (9).

_ . (3)
t = b/D

If this mean time interval is larger than the period needed by the hit cell
for complete repair and recovery, then the two radiation events can not interact;
the risk involved with the second event is independent of the experience of a
first event. This is the case, e.g., with the background radiation of about 1.5
mGy per year, corresponding to about one 5 per GSV per year average.

In situations in which radiation protection is necessary, i.e. with
professionally exposed people, the time interval between two fi's may be in the
order of hours and thus be comparable to repair and recovery periods. This is
then of particular importance because there may be amplification of damage in the
cell (15) or possibly a temporary stimulation of the cellular defense system
induced by the first radiation absorption event. This may reduce the effect of
the second event to near zero as will be shown in this paper.

THE RISK TO CELLS FROM RADIATION

The cell dose concept, as described above, is essential for appraising
common difficulties in risk assessment. Risk to tissue is ultimately based on
three risks to the cell: 1. The risk of being hit by an elemental dose, 5; 2.
the risk of experiencing a given size of S when hit; 3. the risk of a defined
biological effect in response to S. The first two risks are physical in nature.
With a given spectrum of S's for a defined radiation field the probability of a
cell being hit, in terms of F, rises linearly with radiation fluence; i.e., with
D. The third risk depends on the biological property of the individual cell.

Both the fraction of affected cells, F, and the distribution of S within
the affected cells can be easily measured by a properly scaled microdosemeter



(19, 20). The risk of a defined biological effect in a cohort of defined cells
in response to being hit by 6 is expressed by an appropriate "dose response
function", or "hit size effectiveness function", of involved cells (3). If such
dose response functions would be invariable, then the relationship between dose
to tissue and effects observed would be linear. If there would be evidence of
variability, then the concept of linearity would need correction (4). In fact,
variability in terms of adaptive response has been observed, as discussed below.

ADAPTIVE RESPONSES BY CELLS TO RADIATION

There is evidence that low doses of ionizing radiation, i.e. a single S or
few 5 per cell, cause effects in the hit cells that induce biochemical reactions
equipping the cell with mechanisms of defense and protection against a repeated
experience. Such reactions are here called adaptive responses by which, for
example, the detoxification of molecular radicals and repair of damaged DNA are
stimulated.

Thus, from about 6 to 60 hours following an acute x-irradiation of human
lymphocytes with priming doses of 5 or 10 mGy, the frequency of chromosome
aberrations that are induced by a high dose of y-rays of 1.5 Gy, was
significantly reduced compared with nonprimed controls (21, 22).

An adaptive response can also be observed regarding the action of molecular
radicals. In mouse bone marrow cells, the enzyme thymidine kinase reacts
sensitively to changes in intracellular radical concentration (8, 10, 13). The
enzyme was acutely and temporarily inhibited to a minimum activity of about 60%
at about 4 hours with complete recovery about 10 hours after an acute gamma
irradiation of the whole body with less than 10 mGy, i.e., in the range of single
S's per cell (8, 14). When a second acute whole body irradiation with the same
dose was given four hours after the first, the enzyme activity in the bone marrow
cells returned quickly to normal level and remained there as if there had been no
radiation exposure at all. Concomitantly, at 4 hours there was a significant
increase in the concentration level of free glutathion, a major cellular radical
scavenger, in these cells indicative of an improved radical detoxification at
that time (13).

This adaptive response has been elucidated further by introducing a
disturbance of the radical detoxification by a strong static magnetic field; this
was shown in side experiments to momentarily enhance lipid peroxidation at a
temperature of 27*C and to depress it at 37*C; the rate of lipid peroxidation is
taken to inversely affect the concentration of intracellular radicals. When mice
immediately after a first radiation exposure at a controlled body temperature of
27*C, were treated with a static magnetic field of 1.4 T, the radiation effect on
the enzyme activity of the bone marrow cells was abolished (10). The
investigation supports the involvement of bilayer lipid membranes and radicals in
the observed adaptive response (17). Concomitant with the disappearance of the
enzyme reaction to the irradiation, the adaptive response in terms of resistance
to the renewed exposure vanished (12).

Thus, it emerges that there is a radiation-induced temporary resistance of
the cellular thymidine kinase against potentially detrimental molecular radicals.
This is a beneficial effect for the cells following hits by elemental doses. The
system of radical detoxification protects cells physiologically against such
radicals which are produced during normal metabolism, and it is shown here to be
also effective against those generated by ionizing radiation.



THE RISK TO TISSUE FROM THE FRACTION OF CELLS AFFECTED

The cell is the basic element of the tissue system. Transfer of damage
from cells to tissue is governed by the tolerance level to which the tissue may
experience perturbation, or loss of its cells, without breakdown of tissue
structures and functions required for maintaining life. Crucially important for
both, acute effects to the organism and the induction of malignant tumors, is the
fraction of cells that are hit by S and respond detrimentally.

In the realm of low dose irradiation, as it is encountered mainly by
environmental or occupational exposure or by accident, the number of cells being
hit per unit tissue mass is of primary importance. It should perhaps be
expressed in terms of & unit, the corresponding reference sample of this quantity
(12). Such a definition would improve clarity of the concept of low dose. The
number of cells hit per unit tissue mass is easily measurable and may be applied
to predicting effects from measured distributions of {'s in a given radiation
field when related response functions of involved cells are known (3). Mode of
exposure, then, would be expressed in terms of numbers of cells hit per unit
tissue mass per unit time, with subsequent attention to the distribution of S's
within the population of involved cells. Thic approach would be somewhat
analogous to expressing radionuclide decay per unit time for which the unit is
Becquerel and which does not address the type and quality of radiation that is
emitted per decay.

A major conclusion in applying the cell-dose concept is the recognition
that for low-dose irradiation of low-ionization density, there are adaptive
responses in individual cells with the result that the risk of detriment to
individual cells from repeated exposures is generally not additive. Therefore
the linear extrapolation of risk to zero dose is not a valid concept. Moreover,
regarding the multitude of cells in tissue, the probability of radiation-induced
cellular detriment, such as malignant transformation, may be smaller than the
probability of respective cell protection through temporary improvement of the
radical detoxification system. In this case the net result of low-dose
irradiation on tissue may be beneficial. This is to be considered because
temporary improvement of the radical detoxification system stimulates the
cellular defense not only against radiation-induced radicals but also against
radicals produced by metabolism. Thus the effect of radiation-induced
improvement of the cellular defense system is amplified beyond radiation effects
and the net effect in tissue may be positive.

Indeed, the probability of malignant transformation in a hit blood-forming
stem cell in man per 6 from 100 kV x-rays is exceedingly small and is calculated
to be in the range of 10"13 for induction of lethal leukemia (12) whereas
adaptive responses are easily measured within a relatively small cell population
at values of single S's. Even with the large ranges of uncertainties, first
calculations for the case of low doses from radiation of low ionization density
in the bloodforming cell system favour the benefit. It appears worthwhile to
test this prediction experimentally.

CONCLUSION

The holistic approach to analyzing tissue effects that are initiated
primarily at the level of cells thus leads to new questions in radiation biology,
which still need to be answered. Only with the help of the tools of



microdosimetry applied at the level of cells, can the sequence of biological
responses perpetuating from the atomic-molecular level to the more complex levels
of biological organization be integrated into assessing risk to the whole
organism. This is important for radiation protection and uncovers the potential
for beneficial effects also in terms of a reduced incidence of malignant diseases
following low-dose irradiation.
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ABSTRACT

The purpose of this study was to investigate methods of improving the
therapeutic index (dose to tumor/dose to normal organs) and, hence, the efficacy
of radioimmunotherapy (RIT). One method investigated was to increase the
biologic response for a given radiation dose to tumor. To enhance the biologic
efficacy of the dose, initial studies focused on first understanding the
radiobiology of RIT irradiation and determining what role factors, such as
radiation repair, repopulation, and redistribution, play in determining RIT
response. In vitro studies using 4 colon carcinoma cell lines have compared the
radiobiologic efficacy of low dose-rate irradiation delivered by Yttrium-90
(Y-90) with conventional high dose-rate external beam irradiation (XRT). These
studies demonstrated that Y-90 irradiation is less effective, cGy for cGy, than
single fraction XRT by factor ranging from 2.4 to 3.8 depending on the cell line.-
Results suggested that one factor which determined a cell's sensitivity to Y-90
irradiation was its ability to repair radiation sublethal damage. Flow cytometry
studies demonstrated that repopulation and cell cycle redistribution were also
occurring, but how these factors impact on Y-90 response has yet to be fully
determined. In vivo studies demonstrated that those cell lines which were more
sensitive to Y-90 irradiation in vitro were also more sensitive to RIT in vivo.
For a more radioresistant line, WiDr, RIT was approximately two-fold less
effective than an equivalent dose of single fraction XRT, while for a more
radiosensitive line, LS174T, RIT var. approximately as effective as an equivalent
dose of single fraction XRT. Therefore, a tumor's response to RIT in vivo
appeared to be, in part, dependent on the tumor cell's ability to repair
radiation damage. Finally, studies investigated strategies at enhancing the
biologic efficacy of RIT irradiation by combining RIT with chemotherapy agents
that can potentially inhibit radiation repair. Agents, such as 5-fluorouracil,
appeared to be synergistic with RIT irradiation in vitro and may therefore prove
promising in improving the therapeutic index of RIT.

A second method of improving the efficacy of RIT involved increasing the
activity to tumor and improving the uniformity of activity distribution within
tumor. One strategy investigated involved the use of gamma-interferon (IFN) to
increase tumor antigen expression. Studies demonstrated at least a three fold
increase in tumor CEA expression in several colon cancer lines after IFN exposure



in vitro, which resulted in an increase in tumor targeting of anti-CEA antibody
and an increase in efficacy of RIT in vivo. Hyperthermia, by increasing CEA
expression up to 2-3 fold, also demonstrated promise in increasing activity to
tumor.

INTRODUCTION

Radioimmunotherapy (RIT) is proving to be a useful addition to cancer
therapy with recent clinical trials demonstrating partial and complete response
rates ranging from 20-80% (1-14). Clinical and pre-clinical studies, however,
have also demonstrated that there is significant room for improving this form of
therapy, since tumor uptake is often only at 10-15% of the injected dose per
kilogram (15,16). One strategy at improving the therapeutic ratio (dose to
tumor/dose to normal organ) is to increase the biologic effect of the radiation
dose delivered to tumor. However, before one can enhance the biologic effect of
RIT irradiation, an understanding of the radiobiology of RIT must be gained.
Factors which determine biologic response to RIT must first be identified.
Once these factors are better understood, they can then be exploited to further
enhance the biologic efficacy.

The radiobiology of RIT irradiation is expected to be different from
conventional external beam irradiation for several reasons. First, the radiation
dose delivery by RIT is at a low dose-rate. Second, this dose-rate is
exponentially decaying. Finally, since radiolabelled antibody targets non-
uniformly in tumor, the radiation dose distribution is heterogeneous. Recent
studies from our group and others demonstrate that some of the radiobiologic
factors that are important to external beam irradiation are also important for
RIT. Factors that appear to be important are: 1) radiation repair, 2)
repopulation, 3) redistribution, 4) reoxygenation, and 5) dose heterogeneity.

Radiation repair refers to the fact that tumors vary in their capacity to
repair radiation sublethal damage (SLD), and therefore may vary in their response
to RIT. In general, as the dose-rate of irradiation decreases, cells have more
time to repair radiation damage, decreasing the efficacy of low dose-rate
irradiation (17-19). One would predict, therefore, that cells with high repair
capacity will be relatively resistant to RIT irradiation. Conversely, cells with
low repair capacity would be relatively sensitive to this form of irradiation.

Tumor cell repopulation may be a second factor influencing RIT response. If
the dose-rate is low enough, cells are able to continue to divide and repopulate
while undergoing irradiation, further reducing the efficacy of RIT (20-22).
Cell's which are rapidly proliferating and which have a short cell cycle time,
should demonstrate the most repopulation while undergoing low dose-rate
irradiation.

Cell cycle redistribution can further affect low dose-rate irradiation
response. This results from the fact that tumor cells are, in general, more
radiosensitive in the G2 and M phases of the cell cycle and relatively more
radioresistant in S phase and, for cells with a long G1 phase, in late Gx
(23,24). As a result of these differences in radiosensitivity with phases of the
cell cycle, cells in the more sensitive phases are preferentially killed during
radiation exposure, resulting in some degree of cell cycle synchronization of the
tumor cell population. In addition, cells can also experience mitotic or G2/M
delay after radiation exposure (25), with the degree of block correlating with
the radiation dose (26,27). Both of these factors can result in a redistribution



of cells into the more radiosensitive G2 and M phases, increasing the overall
radiosensitivity of the cell population (28,29). Redistribution has been
demonstrated after either high dose-rate irradiation or constant low dose-rate
irradiation (27). Its role with RIT irradiation has yet to be fully explored.

Reoxvgenation is a very important factor in determining response to external
beam irradiation. Hypoxic cells are approximately three times more
radioresistant to high dose-rate irradiation than well-oxygenated cells.
Therefore, fractionation of external beam radiation allows for reoxygenation of
tumor cells between fractions, enhancing the biologic effect of subsequent doses.
With RIT delivered at low dose-rates it is unclear how important reoxygenation
is. In fact, existing data would predict that reoxygenation should play less of
a role than with external beam irradiation. First, it has been shown that
differences in radiosensitivity between oxic and hypoxic cells to constant low
dose-rate irradiation is less (30,31). Second, as pointed out by Langmuir and
Sutherland (32), the dose delivered by RIT is often over a few days to at most a
couple of weeks, leaving little time for tumor reoxygenation. Finally,
radiolabelled antibody targeting, and hence RIT dose delivery, is primarily
delivered to the perivascular, well-oxygenated areas of the tumor (33,34).

Dose heterogeneity is a final factor to consider and is unique to RIT. As
stated previously, radiolabelled antibody activity is deposited non-uniformly in
tumor. This is due to several factors. Tumor vascularity is often non-uniform.
Higher interstitial pressures in the poorly vascularized, often necrotic, areas
of tumor act to inhibit diffusion of antibody, further contributing to dose
heterogeneity (34). Finally, spatial heterogeneity of antigenic expression may
also play a role. These factors result in preferential targeting of antibody to
the well-vascularized and perivascular regions of the tumor. Thus, unlike
external beam irradiation, the resultant radiation dose to tumor is a summation
of hot and cold spots with the biologic response dependent on the spatial
relationship of these hot spots to the tumor growth zones.

RADIOBIOLOGY STUDIES

Our recent in vitro and in vivo studies have focused on determining the
role that some of these radiobiologic factors play in determining RIT response.
The effects of low dose-rate irradiation delivered by yttrium-90 /Y-9-0) were
studied in vitro by colony formation assay and compared to the effects of high
dose-rate external beam irradiation. Four human colon carcinoma cell lines were
studied, two radiosensitive lines, LS147T and LoVo, and two radioresistant lines,
WiDr and HT29. Cells were plated onto 60 mm. tissue culture dishes to give
approximately 100-200 colonies per dish. Cells were then exposed to increasing
specific activities of Y-90 labelled anti-CEA antibody (ZCE025) or equal
activities of non-specific Y-90 labeled anti-melanoma antibody (ZME018) ranging
from 0.0925 to 1.11 MBq/ml for 21 days. This resulted in cumulative radiation
doses of 225 to 2700 cGy at initial dose-rates of 2.5 to 29 cGy/hour as
calculated by the method of Loevinger et al. (35). Dose calculations were
confirmed by minl-TLD measurements (36). Cell survival was assayed by colony
formation assay. The details of this methodology have been previously reported
(36). The results are shown in Table 1 and Figure 1.
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Table 1

Survival Curve Parameters

Cell line

Do (cGy)

n

alpha/beta

Dose Y-90*
Dose XRT

LS174T

133

1.5

15

2.4

LoVo

100

1.8

14

3.4

WiDr

163

4.5

4.8

3.4

HT29

156

3.9

4.1

3.8

*for a survival fraction of 0.1

The LS174T and LoVo cell lines proved to be more radiosensitiva to external
beam irradiation than WiDr or HT29. Both LS174T and LoVo cell lines had smaller
shoulder regions, smaller n parameters, and greater alpha/beta ratios, suggesting
greater capacity for SLD repair. These two radiosensitive lines also proved to
be more radiosensitive to Y-90 irradiation. When comparing high dose-rate
external beam irradiation to low dose-rate Y-90 irradiation on a cGy per cGy
basis for all four cell lines, two observations were apparent. First, as
expected from radiobiologic principles discussed previously, Y-90 irradiation was
less effective than external beam irradiation by a factor of 2.4 to 3.8. Second,
this difference, in general, was greatest for the cell lines with greatest repair
capacity. A possible exception was with the LoVo cell line, which had the same
repair capacity and sensitivity to external beam irradiation as LS147T, but was
more resistant to Y-90 low dose-rate irradiation than LS174T. This suggests that
there may be factors other than radiation repair determining low dose-rate
irradiation response at least for the LoVo cell line.

With this particular assay, there was no difference in cell survival between
Y-90 labeled specific and Y-90 labeled non-specific antibodies. This was due to
the excess of radiolabelled antibody relative to the number of cells in the dish
and to the highly energetic beta emissions of Y-90 (maximum range about 1.1 cm).
This resulted in a relatively uniform radiation dose distribution despite the
differences in local distribution between specific and non-specific antibodies.
Thus, the assay measured the effects of Y-90, and not Y-90 labeled antibody, on
cell survival. This also implied that differences in Y-90 response between cell
lines were not due to differences in CEA expression and degree of antibody
targeting, but due only to differences in radiosensitivities of the cell lines.
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Figure 1. External Beam Irradiation (XRT) vs. Y-90 Irradiation Response In Vivo
for the 4 colon carcinoma cell lines studied. Error bara represent 1
+ S.E.M.

We have also investigated the role of repopulation and redistribution in
vivo by investigating changes in cell cycle kinetics and cell cycle phase
distribution while cells are undergoing Y-90 irradiation. In these studies,
monolayer cultures in log phase were exposed to Y-90 radiolabelled anti-CEA
antibody. After a given period of exposure, cells were then dual-stained with
propidium iodide and pulse BUdR followed by serial flow cytometric analysis.
Figure 2 displays the one-dimensional DNA flow histogram for WiDr cells after a
72 hour exposure to Y-90 antibody at an initial specific activity of 0.74 MBq/ml.
This resulted in a calculated cumulative dose of 900 cGy. This exposure resulted
in a redistribution of cells into the more radiosensitive G2 and M phases of the
cell cycle.
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Figure 3 displays a representative two-dimensional flow histogram with DNA
fluorescence on the X-axis and BUdR pulse staining on the Y-axis. BUdR
selectively stained cells in S-phase. Immediately after BUdR pulsing (0 hours),
the BUdR peak represented cells in S-phase. At four hours post BUdR pulsing,
cells moved to G2/M. At 8 hours post BUdR pulse, some of the cells continued to
cycle and moved on through G2/M and back to Gl. By 24 hours, the synchrony of
the BUdR labelled cells was lost and the pulse was no longer clearly visible.
These studies demonstrated that repopulation and cell proliferation were still
occurring while cells were undergoing Y-90 irradiation.

Thus, in summary, these in vitro studies demonstrated that a cell's ability
to repair radiation damage was an important factor in determining its response to
low dose-rate irradiation. Cells with higher repair capacity were more resistant
to low dose-rate irradiation. However, other factors such as repopulation and
redistribution were also occurring, but how they impact on RIT response has still
to be fully determined.

Similar radiobiology studies were performed in vivo using the radiosensitive
LS147T and radioresistant WiDr human colon carcinoma cell lines, both of which
express carcinoembryonic antigen (CEA). Subcutaneous limb tumor xenografts were
grown in nude mice. Eight to 10 days post inoculation, tumors were exposed to
either graded doses of Cobalt-60 external beam irradiation or Y-90 labelled anti-
CEA antibody (ZCEO25). For external beam irradiation, doses ranging from 300-
2000 cGy were delivered in a single fraction with full build-up. Five percent
transmission blocks were used to limit dose to the rest of the body. Antibody
was administered by ip injection with doses ranging from 4.44-8.32 MBq. Mice
receiving greater than 6.5 MBq also received syngeneic bone marrow
transplantation, since our previous studies using this same animal model have
demonstrated significant, often lethal, hematologic toxicity at these doses,
which were prevented by bone marrow transplantation (37). After radiation
exposure, tumor growth was monitored. In a separate subset of mice, serial
biodistribution studies were performed to acquire data on tumor uptake as a
function of time. Radiation doses to tumor were then calculated using standard
beta-ray methodology with a correction for tumor volume as previously reported
(38).

Figure 4 shows the results of these experiments for the LS174T cell line.
Increasing doses of external beam irradiation resulted in increasing tumor growth
delay. A dose of 4.44 MBq Y-90 anti-CEA antibody, which delivered an absorbed
radiation dose to tumor of 1750 cGy, resulted in a tumor growth delay that was
intermediate between single fraction external beam radiation doses of 1000 and
2000 cGy. Administered activities of 6.5 and 8.32 MBq delivered tumor doses of
2550 and 3280 cGy, respectively, which resulted in tumor growth delays greater
than 2000 cGy single fraction external beam. Unlabelled specific antibody and
labelled non-specific antibody (ZME018) of equivalent doses resulted in little
tumor growth delay (data not shown). Thus, for the radiosensitive LS174T cell
line which had little repair capacity, RIT was comparable to single fraction
external beam irradiation on a cGy per cGy basis.

Similar in vivo experiments produced different findings for the WiDr cell
line. Graded doses of external beam irradiation, as with LS147T, resulted in
increasing delays in tumor growth. Administered Y-90 anti-CEA antibody activity
of 4.44 MBq delivered mean radiation doses of 1080 cGy to tumor. This resulted
in tumor growth delays intermediate to that of 400 and 800 cGy single fraction
external beam radiation (Figure 5). Higher activities of 6.5 MBq delivered mean
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tumor doses of 1810 cGy which resulted in tumor growth delays that were similar
to that produced by 800 cGy single fraction external beam radiation. Radiation
doses to WiDr tumors were less than for LS174T for the same administered
activity, since WiDr expresses less CEA (39). Thus, for the more radioresistant
WiDr cell line, which demonstrated greater repair capacity in vitro. RIT was less
effective than single fraction external beam irradiation by approximately a
factor of two.

In summary, in vivo radiobiology results paralleled those of the in vitro
studies. As with the in vitro studies, a cell's ability to repair radiation
sublethal damage was a major factor in determining RIT response. RIT proved less
effective than single fraction external beam irradiation on a cGy per cGy basis
by a factor of 2-4 in vitro. However, these differences were less in vivo,
indicating that RIT was more effective than predicted from the in vitro studies.
This suggests that other factors may be playing a role in vivo. For example,
dose heterogeneity may be occurring such that RIT dose selectively targets the
well vascularized tumor growth zones. Another possibility is that tumor cells
may have longer cycling times in vivo. resulting in more accumulation of
radiation damage per cell cycle and less cell repopulation, both of which would
lead to greater efficacy of RIT.

10 20 30 40 50 60 70 80

PBS
20 Gy

Time (days)
—•— 3 Gy • 6 Gy —•— 10 Gy
-A- 120 uCi —&- 175 uCi —®— 225 uCi

Figure 4. External Beam Irradiation (closed symbols) vs. RIT Irradiation (open
symbols) Tumor Growth Response for LS174T Xenografts
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Figure 5. External Beam Irradiation (closed symbols) vs. RIT Irradiation (open
symbols) Response for WiDr Xenografts

STRATEGIES FOR ENHANCEMENT

Once we identify and understand those factors that influence RIT response,
we can begin to develop strategies to enhance the efficacy of RIT. Table 2 lists
some of the possible strategies that can be investigated.

Table 2

Strategies for Enhancement of RIT

Radiobiologic Factor

Radiation Repair:

Repopulation:

Redistribution:

Dose Heterogeneity:

Reoxygenation:

Enhancement Strategy

Inhibitors of Radiation Damage

Inhibitors of cell proliferation

Timed second dose of radiation
Cell cycle-specific agents

Increase the level and uniformity
of Ag expression
Increase tumor vascular flow and
permeability

Fractionated or multi-course
RIT Hypoxic cell sensitizers ||
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Since a tumor's ability to repair radiation damage appears to be important,
agents which inhibit radiation repair should enhance efficacy. Antl-
proliferative agents such as biologies, hormones, anti-hormones, growth factor
antagonists, and chemotherapy agents can potentially act to prevent repopulation
and enhance RIT activity (40). Redistribution is occurring and, therefore,
following RIT with a timed second dose of external beam irradiation, a second
course of RIT, or a cell cycle specific chemotherapeutic agent, such as a vinca
alkaloid, would further increase cell kill. Agents that increase the level of
antigen expression and/or increase tumor vascular blood flow and permeability,
can not only result in increased activity to tumor, but also result in improved
dose homogeneity which should further improve the efficacy of treatment.
Finally, if reoxygenation is an important factor, delivery of RIT in a
fractionated or multi-course fraction, or combining RIT with hypoxic cell
sensitizers may prove beneficial.

We have investigated three possible agents as potentiators of RIT:
chemotherapy, interferon, and hyperthermia. Our chemotherapy studies have
examined the combined effects of cis-platinum and 5-FU with RIT in vitro. The
primary action of cis-platinum is to complex DNA and inhibit DNA synthesis.
Multiple in vitro and in vivo studies have demonstrated that cis-platinum acts as
a radiosensitizer, although the mechanism remains unclear. Possible mechanisms
include inhibition of DNA repair, depletion of thiols, inhibition of
proliferation, and hypoxic cell sensitization (41). 5-FU, is an anti-metabolite,
which impairs RNA and DNA synthesis. Studies have demonstrated that it may also
act as a radiosensitizer (42,43). The exact mechanism remains unknown, although
a few studies have suggested that it acts to inhibit radiation SID repair
(44,45). Figure 6 demonstrates the combination of these chemotherapeutic agents
with Y-90 RIT irradiation in vitro.

O COP * Y90
Y9O

A 5FU
V90

* Y90

S 10 13 20 23 30 S 10 IS 20 23 30

DOSE (Qy)

Figure 6. The Effects of 5-FU and Cis-platinum on Y-90 Irradiation Response In
Vitro for the LoVo cell line. Error bars represent 1 + S.E.M.
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These experiments were similar to the in vitro radiobiology experiments described
previously and used a colony formation assay to monitor tumor cell response.
LoVo cells were exposed to a one hour pulse of either cis-platinum at 10 ug/ml or
5-FU at 100 ug/ml prior to Y-90 anti-CEA antibody. Either chemotherapy agent
alone resulted in approximately a 30-50% decrease in the survival fraction. The
combination of cis-platinum and Y-90 RIT resulted in an increase in cytotoxicity
that appeared to be additive. However, the combination of 5-FU and Y-90 RIT
resulted in an increase in cytotoxicity that appeared to be supra-additive.
These studies indicate that chemotherapeutic agents, particularly 5-FU, may help
to enhance the efficacy of RIT. In addition, it should also be noted that the
greatest synergism with 5-FU appeared to be at the highest doses. Therefore, if
tumor activity is kept high relative to normal tissue, the addition of 5-FU can
act to further increase the therapeutic ratio of RIT,

Interferon can also potentially enhance RIT through several mechanisms.
Both gamma and alpha interferons have demonstrated an ability to increase tumor
antigen expression. CEA, TAG-72, and melanoma-associated antigens have all
demonstrated an increase after interferon exposure in pre-clinical studies (46-
50). Therefore, by enhancing tumor antigen expression, interferon can increase
the overall activity and dose homogeneity in tumor. Furthermore, interferon
through its anti-proliferative properties can potentially act to inhibit tumor
repopulation (51). Finally, there is some evidence that interferon acts as a
radiosensitizer, when combined with either high (52) or constant low dose-rate
irradiation (53).

Our group has looked at the effects of human recombinant gamma-Interferon on
CEA expression and its subsequent effects on RIT efficacy. Our initial in vitro
studies demonstrated a significant dose-dependent increase in CEA expression
after three to five days of continuous interferon exposure, for the WiDr, SW403,
and HT29 human colon carcinoma cell lines (data not shown). Studies were then
carried out in vivo with mice bearing WiDr xenografts exposed to six days of
interferon. Interferon was given ip at 100,000 units every 8 hours.
Radiolabelled antibody was administered on the second day of interferon
treatment. This resulted in an increase in tumor CEA expression when assayed by
immunohistochemistry and quantitative CEA ELISA studies on tumor homogenates
(54). When interferon was combined with tracer doses of radiolabelled (Indium-
Ill) anti-CEA antibody (ZCE025), an increase in antibody targeting to tumor was
noted with little change in normal organ biodistribution (55). If interferon was
subsequently combined in vivo with therapeutic doses of radiolabelled (Y-90)
anti-CEA antibody (ZCE025), there was a significant increase in tumor growth
delay compared with control groups which included PBS alone, interferon alone,
cold specific antibody alone, radiolabelled specific antibody alone,
radiolabelled non-specific antibody (ZME018) alone, or radiolabelled non-specific
antibody with Interferon. These results are displayed in Figures 7 and 8 and
have been previously reported (56).

18



TUMOR MAB UPTAKE
ZCE025/Y90 (+/• IFN)

o 1/2 1 3 5
DAYS AFTER MAB-Y90 THERAPY

EZ3 ZCE025/Y90 plus PBS • • ZCE025/Y90 plus IFN

MAB-Y90 day 8, IFN/PBS days 6-12, n=40

Figure 7. Effects of Interferon on Tumor Uptake In Vivo for WiDr Xenografts
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Finally, we have investigated the role of hyperthermia in enhancing the
efficacy of RIT through enhanced tumor antigen expression. Our initial studies
demonstrated a temperature dependent increase in CEA expression for the LS174T
cell line in vitro. Temperatures of 42-43°C for one hour produced a 50% increase,
while temperatures of 45°C of 30 minutes resulted in a 2-3 fold increase. This
increase was transient, peaking two to three days post heat treatment (57).

In addition to increased antigen expression, hyperthermia may also act to
enhance RIT through several other mechanisms. First, hyperthermia, particularly
at temperatures less than 43°C, can increase vascular blood flow and permeability
(58), with subsequent increase in tumor antibody uptake (59,60). Second, heat
alone is cytotoxic. Third, heat has been shown to be a radiosensitizer by
inhibiting radiation repair (61). Finally, heat can spatially complement RIT
cell killing, since hyperthermia tends to kill cells in the poorly vascularized
areas of tumor, the areas which radiolabelled antibodies have difficulty in
reaching (62).

CONCLUSIONS

Although RIT has.demonstrated partial and complete response rates of 20-80%
in the initial clinical trials, as with other modalities, such as chemotherapy
and external beam irradiation, it is unlikely to be curative when used alone,
particularly against bulky, macroscopic disease. Therefore combined modality
strategies must be developed to further improve the efficacy of RIT. An
understanding of the factors which influence the biologic response to RIT
irradiation is essential before strategies to further enhance this treatment
modality can be designed. Radiobiology studies thus far demonstrate that factor.-;
which are important in determining tumor response are the cell's ability to
repair radiation damage and the amount of activity targeting to tumor. In
addition, factors, such as repopulation, redistribution, and dose heterogeneity,
are also occurring but their role in determining biologic response to RIT has yet
to be fully elucidated. Through these radiobiology studies, information can also
be gained on dose-response correlations between RIT and external beam
irradiation. These types of correlations are important in helping the radiation
oncologist predict tumor response and normal organ toxicity for a given absorbed
radiation dose of RIT. More work is needed in this area, however, particularly
with regards to comparing RIT with conventionally fractionated XRT. Finally,
through an understanding of these radiobiologic factors, strategies to improve
the therapeutic efficacy of RIT, through the use of chemotherapy, biologies, and
hyperthermia, can be developed which appear promising, not only in the
laboratory, but also in the clinic.
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DISCUSSION OF PAPERS BY L.E. FEINENDEGEN AND J. WONG.

VAN DIEREN: Dr. Wong, have you considered comparing the effects of RIT with
exponentially decaying XRT to assess the effects of dose heterogeneity and
exclude the effects of the four R's?

WONG: Yes, we have considered this. We are currently working at trying to set
up a dedicated external beam unit to address this question. Unfortunately, we
don't have that capability right now but that is certainly a question that we as
well as others are interested in and I believe that the Johns Hopkins group has a
nice setup to study that effect.

HANNAN: Dr. Feinendegen, Sir, what aspect of cell membrane do you expect has the
properties to interact with the strong magnetic field to produce the response of
reduced free radical scavenging by the cell?

FEINENDEGEN: Physicists have shown that the bilayers of lipid membranes are
anisotropically diamagnetic; the multitude of fatty acids that are arranged in
parallel constitute a packing of molecules with the property of restructuring
thermally induced motion when the aligning, static magnetic field is switched on.
In consequence, the magnetic field (static) causes a change in membrane fluidity
that is temperature dependent. This change in membrane structure that is induced
during exposure to the static magnetic field is taken to alter membrane function
with respect to the capacity to become peroxidlzed. Interestingly enough, if you
shut off that field, the system returns to control levels within minutes. We
have measured these "biological relaxation times" for various endpoints, and we
have seen differences of between one and ten minutes,

CHEN: I have a question for Jeff Wong. You measured that for LS174T cells alpha
over beta probably is 15 and for WiDR cells is 4.8. Have you estimated the body
repair rate for both half-lives and repair times?

WONG: No, we haven't.

CHEN: Then how can you measure alpha over beta - the 15 and the 4.8?

WONG: We measured alpha over beta based on the single dose survival curves.

CHEN: Yes, I know, but you didn't make an estimate of repair rate, did you?

WONG: No, we didn't go through that analysis. The ability to repair sublethal
radiation damage for each cell line was determined from the shoulder
characteristics of the dose response curves from single high dose-rate
irradiation exposures. In general, shoulder characteristics of the single
fraction survival curve have correlated with the ability to repair sublethal
damage. To fully address repair rates and half times of repair, however,
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requires studies such as timed split dose experiments which we have begun and art
continuing. The results are too preliminary to report at this time.

KVOK: I have some questions for Dr. Feinendegen. Did you use some physical
methods to estimate the radiation dose delivered to the bone marrow cells? How
did you develop your thymidine kinase assay? Also did you rely on some physical
method to estimate dose and establish the curve?

FEINENDEGEN: You are asking for dosimetry in the whole animal? I didn't give
the detailed data that we have published. Mice were irradiated by a cesium-137
source in rotating cages between 100 millirads up to 100 rads. Dosimetry was
calculated from our microdosimetric measurements - the probability of hits per
cell - so that we could calculate a number of hits per cell ranging from 1 to
1000 average.

KWOK: Were any experiments performed to estimate the dose to the single cell?

FEINENDEGEN: No, that you can't do because it is very stochastic - we can only
take averages. I don't know how many of you are familiar with the
microdosimetric proportional counter that we built. We scaled it to a cellular
diameter and we measured with this counter the probability of hits and the hit
sizes in the field scaled to cell size. That is as accurate as you can get.

HARPER: Dr. Feinendegen, you showed us some risk calculations for the
development of malignancy in bone marrow. Do estimates or calculations exist for
other tissues?

FEINENDEGEN: At present, unfortunately not. We can't do it that easily because
we do not have the number of potentially carcinogenic stem cells for the other
tissues. Regarding the bone marrow, we know at least the ball park in which that
number lies. The number of stem cells in man is supposed to be less than 1,000
per nucleated bone marrow, and we know that about 1.6 kg is the average mass of
the red bone marrow in man. So I took the value of 1.5 x 109 in order to perform
that calculation. Such estimates are not available for tissues other than bone
marrow. These data are wanted, yes.

BRILL: You left out the possibility of radiation enhancement of antibody uptake.
Is this because you are unable to repeat the observations reported by the Johns
Hopkins' group?

WONG: Although we were not able to repeat the results reported by the Johns
Hopkins' group, I do feel that external beam irradiation therapy does enhance
antibody uptake, although the mechanisms may be multifactorial. To date, there
have been five animal studies, that I am aware of, which look at the role of
external beam radiation in enhancing tumor antibody uptake. Four out of the five
studies demonstrated that external beam irradiation enhanced tumor antibody
uptake. The recent study by Kalofonos et al. (1) demonstrated that this is
probably due to an increase in tumor vascular permeability. Our study, using the
LS174T cell line, demonstrated increased antibody uptake after external beam
irradiation, but only in those tumors that had a decrease in tumor size (2). The
study by Shrivastava et al. (3) from the NCI, also using the LS174T cell line,
demonstrated no effect of external beam irradiation on tumor antibody uptake.
Therefore, it appears that external irradiation can increase tumor antibody
targeting through changes in vascular permeability and tumor size. It also
appears that perhaps there is something unique to the LS174T cell line that makes
it more difficult to demonstrate an enhancement of tumor antibody uptake after
external beam irradiation.

MATTSSON: May I ask Professor Feinendegen about your final diagram? In your
lecture you gave explanations for the existence of radiation-induced protection
effects. That was very interesting, but then in your final diagram you had a
curve describing the supralinear relationship. Will you please comment on this?
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FEINENDEGEN: I am very glad that you asked that question. Time was a bit short
to fully explain the last slide which gave the principal patterns of responses
with increasing doses in the region of exposures to very low radiation doses.
There was a question raised on the response pattern. For low-LET radiation, the
data I presented favor a net beneficial effect on tissue in the low dose region,
or a threshold of dose below which no tissue response appears. I have no data on
high-LET.

BRILL: With respect to the comment you just made, the question of LET or the
neutron radiation effects involves questions and quality factors and how to
compute the dose. Do you think the supralinearity associated with neutron
exposures could be an anomaly associated with underestimating the neutron quality
factor at low doses?

FEINENDEGEN: I believe that this could be explained by microdosimetry just for
the reasons you said. Of course, with this question, you have opened up a very
important issue but I think the key to answering the question properly is
microdosimetry.
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Health and Dosimetry Considerations in the ICRP 1990
Formulation of Effective Dose1

Eckerman KF
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Oak Ridge, TN 37831

ABSTRACT

The new recommendations of the International Commission on Radiological
Protection contained in Publication 60 supersede those of Publication 26 issued
in 1977. The recommendations are intended to assist national authorities in
formulation of radiatipn protection guidance. Sufficient explanatory information
is included to clearly note that radiation protection issues cannot be resolved
on the basis of scientific considerations alone, but also require value
judgements regarding the relative importance of different kinds of risks and the
balance between risk and benefit.

Ionizing radiation causes both deterministic and stochastic effects in
irradiated tissue. It is the aim of radiation protection to avoid deterministic
effects by setting dose limits below their thresholds and to control exposures to
limit the frequency of stochastic effects, believed to occur (albeit with low
frequency) even at the lowest doses. Cancer induction and hereditary effects are
the stochastic effects of concern.

The Commission has relied largely on studies of the Japanese A-bomb
survivors in estimating the probability of a fatal cancer and concluded that the
most probable dose-response relationship is linear-quadratic. The linear
coefficient at low dose or low dose-rate is obtained from the high dose, high
dose-rate estimates of risk by dividing by an effectiveness factor of two. Using
the data from the A-bomb survivors, the Commission estimated the distribution of
the fatal cancer risk among the organs of the body and the length of life lost
for cancer in each organ. The Commission further developed the concept of health
detriment to represent the combination of the probability of occurrence of a
harmful health effect with a judgement of the severity of that effect. The
distribution of detriment among the organs and tissues of the body, after
appropriate rounding, is the tissue weighting factor wT used in the computation
of the effective dose.

The principal dosimetric quantities in radiological protection are the mean
absorbed dose in a tissue or organ DT, the energy absorbed per unit mass; the
equivalent dose in a tissue or organ, HT, formed by weighting the absorbed dose
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by the radiation weighting factor wR; and the effective dose, E, formed by
weighting the equivalent dose by the tissue weighting factor wT and summing over
the tissues. The health data in the Japanese survivors, accumulated to 1985,
made it possible to provide explicit weighting factors for 12 tissues/organs of
the body, thus reducing the residual weight assigned to the remainder tissue
group. The additional organs listed include the colon, stomach, bladder, liver,
esophagus, and skin. Furthermore, the remainder tissue group is considered to
include only tissues likely to be susceptible to cancer induction. The inclusion
of non-fatal cancers and the severity of the health effect should further enhance
the utility of the effective dose concept within nuclear medicine.

INTRODUCTION

The purpose in estimating the radiation doses received by the tissues of
the body is to assess the risks associated with the radiation exposure. For
radionuclides within the body, the absorbed dose typically varies greatly among
the tissues of the body which themselves exhibit a range of sensitivities to the
radiation insult. In radiation protection, it is the absorbed dose averaged over
a tissue or organ and weighted for the radiation quality that is correlated to
biological effects. The resulting radiation protection quantity, the equivalent
dose,2 was defined to place all ionizing radiations on a common scale of
biological harm, without regard to the particular tissues or biological endpoint
involved. However, the total biological insult represented by the radiation
exposure is given by the joint distribution of equivalent dose and sensitivity of
the tissues. In 1975, the International Commission on Radiological Protection
(1) introduced a dosimetric quantity to meet this need which, in their 1990
recommendations (2), is named the effective dose.

Considerable discussion has taken place regarding the applicability of
radiation risk concepts and the effective dose to nuclear medicine. While the
Medical Internal Radiation Dose (MIRD) Committee states that "Absorbed-dose
calculations are needed for evaluation of the risks involved in the application
of radiopharmaceuticals to medical studies...," the Committee continues to
approach the dosimetry of administered radiopharmaceuticals on a purely physical
basis without consideration of the relative biological effectiveness of the
radiations or of the radiosensitivity of the irradiated tissues (3). The ICRP,
in addressing the radiation dose to patients from administered
radiopharmaceuticals, made use of the effective dose quantity after some
discussion of its applicability (4). The ICRP noted that while the effective
dose quantity was derived for occupational radiation protection where the gender
and age distribution of the work force may be quite different from that of the
patients undergoing particular nuclear medicine procedures, it was nevertheless
felt that the risk coefficients probably are not sufficiently sensitive to these
factors to preclude application of the effective dose to such selected
populations. In their 1990 Recommendations, the ICRP further discussed the
applicability of the effective dose quantity to various populations.

2 Throughout the text, the less cumbersome names of the radiation protection
quantities introduced by the ICRP in its 1990 recommendations are used. While
strictly speaking the new quantities involve some differences in the definition
of the quantity, for the most part these are not of concern here.
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DOSE QUANTITIES

Absorbed dose is the principal physical quantity used to characterize the
radiation insult to tissues of the body from ionizing radiation. While absorbed
dose may be defined as a point quantity, the macroscopic definition is used in
the dosimetry of tissues of the body, i.e., the absorbed dose DT is given as

DT = E^J (1)
M

where EabMfr denotes the ionizing energy absorbed in target tissue T of mass MT.
The absorbed dose is the dosimetric quantity addressed in the MIRD schema (3).

It became evident that biological effects for various radiation types did
not correlate solely with absorbed dose. Radiobiological studies detailed the
relative biological effectiveness (RBE) for different biological endpoints and
the various radiations. For radiation protection purposes, the radiation
weighting factors are taken to be independent of biological endpoint and thus the
equivalent dose quantity HT (earlier termed RBD dose and dose equivalent) is
defined as

»T = £ WrDT.R (2)

where wK is the radiation weighting factor and DT R is the absorbed dose in T for
radiation R. The summation in Eq. 2 extends over all radiation types depositing
energy in T. The purpose of the radiation weighting factor wg is to place on a
common scale of biological damage the various radiation types contributing to the
irradiation of the tissues without regard to specific biological effects. The
radiation weighting factors were earlier referred to as radiation quality factors
Q which were taken to be a function of the linear energy transfer for the
radiation at the site of energy deposition. Numerical values are assigned to ws
as a function of the emitted radiation type and energy as shown in Table 1 (2).

Table 1. Radiation Weighting Factors1

Radiation type and energy range1 wR

Photons, all energies 1

Electrons and muons, all energies 1

Neutrons, energy < 10 keV 5
10 to 100 keV 10
100 keV to 2 MeV 20
2 to 20 MeV 10
> 20 MeV 5

Protons > 2 MeV 5

Alpha particles, fission
fragments, heavy nuclei 20

1 All values relate to the radiation incident on the
body or, for internal sources, emitted from the source.
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The dosimetric quantity, effective dose, takes into account the relative
contribution of specific tissues to the total risk when the body is uniformly
irradiated. The effective dose E is defined as

where wT is the tissue weighting factor reflecting the relative contribution of
tissue T to the total risk. Note that biological information enters Eq. 3 in
two places; i.e., it is the basis for both weighting factors. This somewhat
cumbersome treatment arises from the fact that most of the available biological
data are for penetrating radiations or low-LET radiations (photons) and the
treatment of high-LET radiations within the protection system must be based on
the assumed wR for the radiations. The values for the tissue weighting factors
used in the 1977 and 1990 Recommendations of the ICRP are shown in Table 2 (1,2),

Table 2. Tissue Weighting Factors (1,2)

Tissue Weighting Factor, wT

Tissue or Organ

Gonads
Red Marrow
Colon
Lung
Stomach
Urinary Bladder
Breast
Liver
Esophagus
Thyroid
Skin
Bone Surface
Remainder

1 A value of 0.05 is applicable to each of the five
remaining organs or tissues receiving the highest dose.

2 The remainder is composed of the following tissues and
organs: adrenals, brain, small intestine, upper large
intestine, kidney, muscle, pancreas, spleen, thymus
and uterus. The weighting factor is to be applied to
the average dose in the remainder group.

3 If a member of the remainder receives an equivalent
dose in excess of the highest dose in any of the twelve
organs for which weighting factors are specified, a
weighting factor of 0.025 should be applied to that
organ and a weighting factor of 0.025 applied to the
average dose in the rest of the remainder.
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BIOLOGICAL EFFECTS OF IONIZING RADIATIONS

In assessing potential biological effects of ionizing radiations it is
useful to differentiate two types of effects based on the underlying dose
response (1,2).

DETERMINISTIC EFFECTS

If a tissue of the body is sufficiently damaged, then an individual may be
expected to exhibit a pathological condition. These effects are characterized by
a severity that increases with dose above some threshold and thus was previously
referred to as non-stochastic effects. Although the initial events leading to
the cellular changes are essentially random, the large number of cells required
to initiate an observable effect gives the effect a deterministic character.

Some deterministic effects are of a functional nature and may be
reversible, provided the damage is not too severe. Examples would include
vascular reactions (erythema) or decrease of glandular secretions (e.g., from
salivary glands). The gonads, lens of the eye, and the bone marrow show the
higher sensitivities (lower thresholds). The threshold for temporary sterility
in the male is about 0.15 Gy and that for permanent sterility is above 3 Gy for a
single dose (2). The threshold for lens opacities that impair vision seems to be
in the range of 2 to 10 Gy for a single dose (2). Clinically significant
depression of the blood-forming process has a threshold of about 0.5 Gy (2). The
threshold for these effects makes it possible to avoid their occurrence in
occupational radiation protection and in most diagnostic nuclear medicine
procedures.

STOCHASTIC EFFECTS

Stochastic effects are those effects that result from alterations in normal
cells by ionizing radiation events which are assumed to have a- low probability of
occurrence at low dose. The probability of such a change occurring in a tissue
is proportional to the dose at very low doses where, microdosimetrically, it can
be determined that, on the average, less than one event per sensitive target in a
cell occurs. The dose at which this holds depends on the size of the sensitive
target in a cell and the density of ionization (linear energy transfer - LET) of
the radiation, and may be lower than many practical doses in radiation
protection. For example, a dose of 1 mGy (0.1 rad) of 1 MeV gamma rays and 1 mGy
of 1 MeV neutrons results in an average of about 1 and 0.01 tracks per cell
nucleus, respectively (2). At our present state of knowledge and in the broad
terms of radiation protection, the empirical observations that absorbed and
equivalent dose correlate reasonably well with the observed biological effects
justifies the continued use of these quantities.

Two types of stochastic effects are recognized by the Commission. The
first occurs in somatic cells and may result in the induction of cancer in the
exposed person; the second occurs in the cells of gonadal tissue and may result
in hereditary disorders in the progeny of those irradiated.
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Induction of Hereditary Defects

The most serious hereditary effects are the production of dominant
mutations leading to genetic disease that can be seriously harmful and even life
threatening. They occur predominantly in the first two generations after
exposure. Recessive mutations are not expressed in the first two generations but
contribute to the general pool of genetic damage in subsequent generations. The
Commission had previously only taken account of serious hereditary defects in the
first two generations, i.e., children and grandchildren of the exposed
individual. That left the effects in later generations to be considered as part
of the burden for society. The Commission now attributes the whole detriment to
the doss received by the individual.

For low dose and dose rate the nominal hereditary effect coefficient,
excluding multifactorial effects, is now taken to be 0.5 x 10"2 Sv"1 (2). No
reliable estimate is available for multifactorial effects, but the ICRP has taken
an estimate of 0.5 x 1Q"2 Sv"1. The Commission therefore considers that the
nominal coefficient for hereditary effects is 1 x 10"2 Sv"1. Considering the age
distribution of the working population, the coefficient for workers is about 40%
lower or 0.6 x 10"2 Sv'1.

Overall, the risk coefficients for hereditary defects have not changed
significantly from the estimates given in the 1977 Recommendations (1). At that
time the value was 0.4 x 10"2 Sv"1 for serious hereditary defects in the first two
generations and double that for all future generations.

Induction of Cancer.

In 1988, the ICRP, following its Como meeting, issued a statement noting
the potential increase in the risk coefficients for cancer induction (5) and in
that same year UNSCEAR (6) published a review of epidemiological data that
indicated risk coefficients three to four times greater than those discussed in
the Commission's 1977 Recommendations. The US National Academy of Sciences
Committee on the Biological Effects of Ionizing Radiation, known as the BEIR
Committee (7), issued the BEIR V Report which indicated similar changes in the
coefficients. The ICRP felt neither report was sufficient to meet the needs of
radiation protection because the UNSCEAR report did not give risk coefficients
applicable to low dose and low dose-rate situations, while BEIR V focused mainly
on whole-body exposure, thus not considering the various individual organs
involved, and it was somewhat vague on the risk at low doses and low dose rates.
The Commission therefore set about making its own estimates of risk for use in
radiation protection.

The principal new information on cancer risk has come from the continued
health assessment of the more than 90,000 survivors of the Hiroshima and Nagasaki
atomic bombings (2). Changes in the risk coefficients comes about for three main
reasons. First, the dosimetry has been revised to take account of the high
humidity in the air over the cities which substantially reduced the neutron
component of the dose compared with earlier estimates based on measurements in
the dry air of the Nevada desert. Other factors being constant, the change in
risk coefficients attributable to the new dosimetry (referred to as the DS86
dosimetry) relative to the old dosimetry (the Tentative 1965 Dosimetry - T69D) is
not great - the comparison depends on the particular organ or tissue (8). The
greatest change is about a factor of two for leukemia.
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The second, and probably the most important, factor leading to the changes
in risk coefficients for the atomic-bomb survivors is the longer follow-up period
in the epidemiological studies. In the additional years of medical follow-up,
the number of excess solid cancers has increased from about 135 in 1975 to about
260 in 1985. During the same period, the numbers for excess leukemia increased
from about 70 to 80 cases. Since lifetime expression of solid cancer is not yet
available for this population, or any other large population being studied, it is
necessary to use mathematical models to extrapolate, over time, from the limited
observations.

The third factor that has contributed to the increase over the earlier
estimates is the current preference for the multiplicative rather than additive
model for projecting the observed number of solid cancers to lifetime values (2).
The additive model postulates that the annual risk of cancer arises after a
period of latency and then remains constant over time, while the multiplicative
model postulates that the time distribution of the excess risk fellows the time
distribution of natural cancers, i.e., the excess (after the latent period) is
given by a constant multiplying factor applied to the age-specific incidence of
natural cancer in the population. The data now available indicate that the
multiplicative model is more likely to be correct, at least for the more common
cancer types. The multiplicative model indicates an increasing risk with time,
after exposure, since it follows the natural cancer increase with age. The
multiplicative model thus leads to a higher projected risk than that of the
additive model. The current data that are available support the use of the
multiplicative model, at least for the more common cancer types.

In radiation protection, the risks to all the organs and tissues of the
body are needed to ensure that the total risk can be predicted, whether the body
is totally irradiated or only selected tissues are irradiated, as from the intake
of a radionuclide. The ICRP uses the relative risks derived as a function of
age, sex, and cancer site for the A-bomb survivors and transfers these risk
estimates to other populations using the multiplicative model and the natural
cancer rates for the populations. Such calculations were carried out for China,
Japan, Puerto Rico, United Kingdom, and the United States. From these
calculations, the total risk, assuming uniform irradiation of the whole body,
ranged between 6 and 11% Gy"1 with an average of 9.6% Gy"1. The nominal fatality
risk coefficient is taken as 10% Gy"1(2). The various estimates of the risk are
summarized in Table 3.

The total risk was found to vary by less than 50% between the sexes, the
higher values applying to women. The variation with age is more marked - the
estimated risk for ages 0-20 years is more than twice the figure for all ages.
For a population of working ages, taken to be ages 18-64 years, the risk figure
is about 80% of the fatal cancer risk for a population of all ages.

The human evidence for carcinogenesis induced by radiation is obtained at
doses of the order of 0.1 to 0.2 Gy. The ICRP has chosen to apply a dose and
dose-rate reduction factor of 2 to the risk estimates derived at high dose and
dose rate. This value is rather arbitrarily derived and is generally thought to
be conservative. In reality, the appropriate factor is probably a function of
cancer type and radiation quality as well as dose and dose rate.

The final risk coefficients for fatal cancer for the organs which the ICRP
considers to be applicable to radiation protection in their 1990 Recommendations
are shown in Table 3 along with the values from the 1977 Recommendations (1,2).
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The 1977 risk of 1.25 Sv"1 was derived by dividing the 1977 UNSCEAR figure (9)
for high dose, high dose-rate (2.5% Sv'1) by a factor of 2. The fatal cancer risk
estimate of the ICRP (5% Sv"1) is also about a factor of 2 lower than the 1988
UNSCEAR estimate of 11% Gy"1 (6).

Table 3. Excess lifetime cancer mortality for
acute whole body dose of low LET radiation

Source Risk (% Gy"1)

UNSCEAR, 1977

BEIR III, 1980

UNSCEAR, 1980

BEIR V, 1980

ICRP, 1990
all ages
18-64 years

HEALTH DETRIMENT

In their 1977 Recommendations, the Commission assumed that the health
detriment was adequately characterized by the risk of fatal cancers and serious
hereditary defects in the first two generations (1). In the 1990 Recommendations
(2), the Commission adopted a more complex procedure for defining the health
detriment that includes four components: risk of fatal cancer, a weighting of
the risk of non-fatal cancer, a weighting of the risk of hereditary defects, and
the relative lose of life expectancy given a fatal cancer or severe genetic
disorder.

The consideration of non-fatal cancer was developed to reflect the fact
that some cancers are easy to treat, such as skin cancer, while others are very
difficult to cure and there is significant trauma associated with the curative
process. The Commission concluded that a suitable weighting would be made
according to the lethality fraction for the particular cancer. Thus a cancer
with a low lethality probably represents a smaller loss in the quality of life,
and, therefore, its non-fatal component should not make as substantial
contribution to the detriment as that for a cancer having a high lethality and
greater loss in the quality of life. Table 4 shows the fatal cancer risks and
the lethality for the various organs and tissues. If, in a given tissue, the
fatal cancer rate is denoted as F and the lethality by k, then the total
incidence of the cancer is F/k. The number of non-fatal cancers is given by

non-fatal = total incidence - fatal

" I "
= £<!-*> .
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The detriment is found by weighting the fatal cancers by 1 and the non-fatal
cancers by k, thus the detriment is

Detriment * 1 x fatal cancer * k x non-fatal cancer

* F * k •£(! - k)

= F(2 - k)

Thus, in estimating detriment, the fatal cancer risk is increased by the factor
2 - k to allow for non-fatal cancer. Note that for cancers with low lethality, k
approaching zero, the non-fatal weighting approaches a factor of two.

The second weighting that is involved allows for the fact that if a cancer
develops, the amount of life lost differs depending on the specific cancer site.
Table 4 includes the number of years of life lost for a cancer in each of the
organs and tissues for which fatal cancer rates are specified. It can be seen
that for leukemia (bone marrow is the target tissue) there is about three times
the loss of life compared to carcinoma of the bladder. The Commission considers
that these two cancers make different contributions to the detriment. The values
given in Table 4 for the loss of life are based on calculations involving the
five populations noted above; a value of 15 years is the mean loss of life for
fatal cancers. For some organs and tissues, e.g., bone surface, liver, skin, and
thyroid, the fatal cancer rates are not determined by the A-bomb survivor data.
Thus, for these cancers the loss of life could not be determined in the same
manner; it was set to the mean value of 15 years. For irradiation of gonadal
tissue, the mean loss of life for serious hereditary defects was taken to be 20
years or 1.33 times that for cancer (2).

Table 4 contains all the data needed to assess detriment. The fatal cancer
risk coefficient F is multiplied by 2 - k to allow for non-fatal cancers and by
L/L reflecting the different losses of life for the cancers, where the mean loss
of life L is taken as 15 years. The health detriment is then given by

Detriment = F -£. (2 - k)
L

The right hand column of Table 4 gives the resultant estimates of
detriment. For a population of all ages, the figure is 7.24% Sv"1 compared with
the fatal cancer risk of 5% Sv"1. For a population of working ages, the fatal
cancer risks are 80% of those in Table 4, and the estimated detriment due to
cancer is 4.73 rather than the 5.92% Sv"1 in Table 4, while the component from
hereditary risk is 0.6% Sv"1 times 1.33 for the longer loss of life. The total
detriment for a working population is then 5.53% Sv"1. The number of figures
presented in Table 4 and in the above discussion is for the purpose of ensuring
that the arithmetic can be followed. The numbers have an intrinsic uncertainty,
due to the uncertainty in the relative risk derived in the epidemiological
studies and secondly arising from uncertainty in transferring this risk from the
study population to the general population. The end result is that the precision
of the values is no more than a factor of 2.

The relative contribution of the various organs and tissues to the total
detriment, the tissue weighting factors in the definition of the effective dose,
can be derived from the data in the right-most column of Table 4. To avoid an
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impression of undue precision in the biological data, the Commission elected to
round the values as shown in Table 4.

Organ or

Tissue

Bladder

Red Marrow

Bone Surface

Breast

Colon

Liver

Lung

Esophagus

Ovaries

Skin

Stomach

Thyroid

Remainder

Subtotal

Gonads

Table 4. Relative

Fatal Cancer

(% Sv"1)

0.30

0.50

0.05

0.20

0.85

0.15

0.85

0.30

0.10

0.02

1.10

0.08

0.50

5.00

1.0

Contribution

Lethality

0.50

0.99

0.70

0.50

0.55

0.95

0.95

0.95

0.70

0.002

0.90

0.10

0.71

to Detriment

Loss of
Life

(y)

9.8

30.9

15.0

18.2

12.5

15.0

13.5

11.5

16.8

15.0

12.4

15.0

13.7

20.0

Total

Detriment

(% Sv'1)

0.293

1.040

0.065

0.363

1.023

0.158

0.803

0.243

0.146

0.040

1.004

0.152

0.587

5.917

1.330

7.247

THE EFFECTIVE DOSE

The effective dose quantity as defined in the 1990 Recommendations of the
ICRP is given in Eq. 2 with the tissue weighting factors listed in Table 2. As
evident from Table 2, the 1990 Recommendation assigns specific weights to a
number of tissues which in the 1977 Recommendations were only considered as part
of the remainder tissue group. This was possible largely as a result of the
increased medical follow-up period in the epidemiological studies which permitted
risk estimates to be developed for these cancers. In addition, the manner in
which the remainder group of tissues is handled in the calculations has been
further specified.

In the 1977 Recommendations the weighting factor (0.30) of the remainder
tissue group was assigned equally among the five highly irradiated tissues not
explicitly assigned a weighting factor. The skin and lens of the eye were
excluded. This procedure resulted in some loss of additivity; that is, the
effective dose estimated for two different radiation exposures might not be
equal, numerically, to the value derived from the total organ doses for the
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procedures. This would arise simply because the weighting factor for the
remainder was being assigned to a different group of tissues. While the
reduction in the weighting faccor of the remainder (0.30 and 0.05 in the 1977 and
1990 Recommendations, respectively) reduces the potential non-additivity, the
Commission specified a new procedure for computing the dose to this group of
tissues. The 1990 Recommendations suggest that the remainder weighting factor be
applied to the average dose to the radiosensitive tissues of the body that were
not specifically assigned weighting factors. The intent here was to exclude
tissues that are not considered to be at risk, for example, bone mineral. Thus,
the Commission details the organs to be considered as part of the remainder; see
the footnote to Table 2.

In the exceptional cases in which one of the remainder tissues or organs is
indicated to receive an equivalent dose in excess of the highest dose in any of
the twelve organs for which weighting factors are specified, half the weighting
factor of the remainder (0.025) is applied to that tissue and the other half is
applied to the average equivalent dose in the rest of the remainder. For such
instances, the additivity of the effective dose might be somewhat compromised by
this procedure.

In the 1990 Recommendations, a weighting factor is assigned to the colon
(see Table 2). In the calculations of ICRP Publication 61 (10), this weighting
factor was applied to the dose to the lower large intestine as computed using the
gastrointestinal tract model of ICRP Publication 30. The ICRP Publication 30
(11) dosimetric data base contains no information for the esophagus and since the
transit time in the esophagus is quite rapid, the dose to the thymus was used to
approximate the dose to the esophagus.

The committed effective dose based on the 1990 tissue weighting factors is
compared with the committed effective dose equivalent based on the 1977 weighting
factors in Table 5. The data illustrate the robust nature of the effective dose
in that changes in tissue weighting factors largely have a minor numerical effect
on the effective dose per unit intake. For nuclides which fairly uniformly
irradiate the tissue of the body; e.g., H-3 and Cs-137, the changes in weighting
factors do not alter the numerical values. For the radioiodines, the effective
dose is determined by the irradiation of a single target, the thyroid. Since the
new weighting factor for the thyroid is somewhat higher (0.05) than the earlier
value (0.03), the effective dose per unit intake for 1-131 in Table 5 is about
1.7 times greater for the new weighting factors. In a similar manner, for bone-
seeking radionuclides the effective dose per unit intake has decreased due to the
lower weighting factor applied to bone surface (0.01 vs 0.03) - see Ra-226 and
Pu-239.
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Nuclide

H-3

Fe-55

Se-75

Sr-90

Tc-99m

1-131

Cs-137

Ra-226

Pu-239

Table 5. Committed Effective

Inhalation (Sv/Bq)

ICRP-26

1.73E-11

7.26E-10

1.95E-09

6.47E-08

8.8OE-12

8.89E-09

8.63E-09

2.32E-O6

1.16E-04

ICRP-60

1.73E-11

6.34E-10

1.57E-09

5.04E-08

1.10E-11

1.47E-08

8.56E-09

2.17E-O6

6.87E-05

Dose Coefficients

Ingestion

ICRP-26

1.73E-11

1.64E-10

2.60E-09

3.85E-08

1.68E-11

1.44E-08

1.35E-08

3.58E-07

9.56E-07

(Sv/Bq)

ICRP-60

1.73E-11

1.52E-1O

2.13E-09

3.10E-08

2.00E-11

2.39E-08

1.35E-08

2.25E-07

5.62E-07

CONCLUSIONS

The purpose of organ dosimetry is to permit an assessment of the risk
associated with the irradiation of body tissues. The principle health risk of
concern at the low doses encountered in diagnostic nuclear medicine and in
occupational exposures is radiation carcinogenesis. Without specific information
on the locations of the cells at risk and the origins of the emitted radiations
(in the case of radionuclides within the body), it is assumed that the average
dose to the organ is a reasonable estimator of the dose to the cells at risk. In
many instances, a number of tissues are involved in the radiation and the
contribution of each organ to health risk must be summed. In nuclear medicine to
date, rather than specify the dose to each organ or tissue, one finds that the
dose to the total body is used as a single index of the radiation exposure. This
quantity has no underlying biological basis since it reflects neither the
distribution of the dose among the tissues nor the distribution of their
sensitivities; it is simply the total energy deposited in the body divided by its
mass. Clearly, there is a need for a single dosimetric quantity that reasonably
reflects the health risk associated with radiation exposures. The effective dose
should be used as such a quantity in nuclear medicine, if for no other reason
than overcoming the inappropriate consideration of total body as a meaningful
target tissue.

Certainly the age and gender makeup of the patients undergoing nuclear
medicine procedures will be different from those of the general population and
the worker population. However, it is clear, from the discussions in ICRP
Publication 60, that these factors are of minor importance considering the
uncertainties in the epidemiological data and the uncertainties in applying the
data to exposed populations.
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ABSTRACT

In 1988 the ICRP Publication 53, Radiation Dose to Patients from
Radiopharmaceuticals (1), was published. In this report effective dose
equivalents to the patient from different radiopharmaceuticals were given for
various ages of the patient. These data were based on the tissue weighting
factors published in the recommendations from the ICRP 26 (2). The ICRP has
recently revised these weighting factors, and published new recommendations in
its report ICRP 60 (3). Based on the biokinetics data given in ICRP 53 we have
calculated the effective dose to the adult nuclear medicine patient for all
radiopharmaceuticals included in this report. Compared with the ICRP 53 data a
slight decrease in the value of the effective dose can be observed for most of
the radiopharmaceuticals.

INTRODUCTION

When the ICRP in 1977 first introduced the concept of effective dose
equivalent (2) it was primarily designed for radiation protection of workers.
The concept attempted to compare the risk from different exposure situations by
using one figure. Such a figure is obtained by weighting the exposure to an
organ or tissue to the risk for fatal cancer in the respective tissue, the
resulting weighted sum is thus comparable with a total body irradiation with the
same dose equivalent. The concept was not, from the beginning, used for patients
undergoing X-ray examinations or investigations involving administration of
radiopharmaceuticals. The reason for this was that the risk for fatal cancer
varies with age in a different manner in the different organs or tissues involved
(4,5,6). The knowledge of this variation is too poor to derive age-dependent
weighting factors. Attempts to derive such factors have been made (7,8). For a
patient population, one obvious way to adopt better weighting factors would be to
exclude the hereditary effects from the weighting factors (9,10). This is
however not satisfactory for the younger patients.

However the advantages with using only one single figure for comparing
different radiodiagnostic procedures or for estimating collective doses from
radiodiagnostic procedures (11,12) has lead to the introduction of the effective
dose equivalent also for patients. In 1987 and 1988 the ICRP Publication 52:
Protection of the Patient in Nuclear Medicine (13) and ICRP Publication 53:
Radiation Dose to Patients from Radiopharmaceuticals was published (1). In these
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reports the effective dose equivalents to the patient from different
radiopharmaceuticals were given.

Recently a new set of weighting factors to be used for radiation protection
purposes has been presented by the ICRP (3). These new weighting factors have
been based on risk figures as published by the UNSCEAR and BEIR committee (5,6).
Beside risk for fatal cancer or serious hereditary effects the new weighting
factors also, to a limited degree, consider curable cancer and life shortening.
The organ specific risk data have been adjusted to be valid for a population
representative for the whole world. The ICRP 60 weighting factors were designed
to be applied not only on the working population, as was the case for the ICRP 26
weighting factors, but also on the general population.

In the second column of Table 1 the new weighting factors are presented.
These weighting factors have been rounded off to fit into three groups of organs
having the same weighting factor. The data, directly derived from the risk
figures as they are presented in ICRP 60, are given in the first column.

Table 1

New ICRP weighting factors and risk for cancer as given by
ICRP 60. For comparison the old ICRP 26 weighting factors
are included in the last column.

relative
contribution
to total

detriment
W Tissue or Organ W

T(old)

0.203
0.143
0.111
0.139
0.141
0.040
0.050
0.034
0.022
0.021
0.006
0.009
0.081

0.20
0.12
0.12
0.12
0.12
0.05
0.05
0.05
0.05
0.05
0.01
0.01
0.05

Gonads
Red bone marrow
Lung
S tomach
Colon
Bladder
Breast
Oesophagus
Liver
Thyroid
Skin
Bone Surface
Remainderf|

0.25
0.12
0.12
*
**
*

0.15
*
*

0.03
(0.01)
0.03
0.30

* Has a weighting factor of 0.06, if it is one of the five most irradiated organs
(excluded those which already have their own weighting factors). ** The upper
large and the lower large intestine will each be given a weighting factor of 0.06
if the organ is one of the five most irradiated, t* weighting factor of 0.05
should be applied for the mean absorbed dose in the organs listed in Table 2. In
the case that any of these organs, or another radiosensitive organ or tissue not
in the list receives the highest absorbed dose, a weighting factor of 0.025 is to be
given to that organ and thus 0.025 is left for the remainder. |The weighting
factor for the remainder is equally divided between the five most irradiated organs
(excluded those which already have a specified weighting factor).
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Table 2

Organs to be considered for the
remainder, from ICRP 60 (3).

Adrenals

Brain

Small intestine

Upper large intestine

Kidneys

Muscle

Pancreas

Spleen

Thymus

Uterus

RESULTS AND DISCUSSION

GENERAL

Table 3 gives the effective dose (ICRP 60) and the effective dose
equivalent (ICRP 26) per activity unit administered for 50 of the most common
radiopharmaceuticals in use today. The data in this table have been calculated
using biokinetics data from ICRP 53 (1) and absorbed fractions from Cristy et al.
(14).

For most radiopharmaceuticals (90%) the new weighting factors have lead to
a decreased numerical value of the effective dose in comparison with the
effective dose equivalent, calculated in accordance with ICRP 26. (See Fig. 1).
On the average the effective dose is 12% lower than the effective dose
equivalent. These lower values reflect that weighting factors for a larger
number of individual organs and tissues are now available, and that the weighting
factor for the remaining organs is applied differently. For the calculation of
HE a weighting factor of 0.06 is to be given to each of the five highest exposed
tissues or organs of the remainder, compared to 0.025 for the single highest
exposed organ, when the calculation follows the ICRP 60 concept. The increased
values for iodide and substances given orally are due to the increased weighting
factor for the thyroid and stomach, respectively.

It is important to note that the decreased numerical value of the effective
dose does not reflect a decreased risk from the irradiation. On the contrary,
for a population of workers, ICRP 60 gives a risk for fatal cancer of 0.04 Sv"1

compared to 0.0125 Sv"1 in ICRP 26 (2). For the general population ICRP 60 gives
0.05 Sv'1 (3).

As the case was with the effective dose equivalent, the weighting factors
for calculation of the effective dose is adjusted to a population of workers, or
to the general population. For nuclear medicine applications the concept should
therefore be used with caution. In a population of nuclear medicine patients the
higher ages, are overrepresented. With high absorbed doses in organs or tissues
with long latency time, or with a high radiosensitivity predominantly in younger
ages, there is thus a tendency to overestimate the relative risk. Examples of
such organs are breast, thyroid, and the gonads (hereditary effects).
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Figure 1. Distribution of the quotient effective dose and the
effective dose equivalent using the new (ICRP 60) and old
(ICRP 26) weighting factors. All substances found in ICRP 53
are included.

Since the highest exposed organ may obtain a specific weighting factor, the
effective dose is, in principal, still not additive. It is, however, in most
cases additive. When compared with the older concept which uses the five most
exposed organs for the remainder, this must be considered a significant
improvement. The ICRP has now defined which organs or tissues that normally
should be considered for the remainder, see Table 2. If any other single organ,
which can be identified as radiation sensitive, receives the highest dose that
organ should be given the weighting factor 0.025. For nuclear medicine
applications one might identify the gallbladder wall, the heart wall and the
salivary glands as organs of interest not found in Table 2.

It is clearly stated that only average doses to these organs are to be
considered for the effective dose. This excludes, e.g. single lymph nodes, or
part of organs such as the marrow or cortex of the kidneys.

BREAST

The relative radiation sensitivity of the female breast has in ICRP 60 been
found to be smaller than earlier believed. The weighting factor for this organ
has decreased with a factor of three compared with ICRP 26. It appears from the
discussion in ICRP 60 that the risk for radiation induced tumors in breast is
fairly independent on the extrapolation model that is assumed for the projection
of the risk into the future. This is not the case for most other solid tumors.
The ICRP assumes a relative projection model for the weighting factors in ICRP
60, while the ICRP 26 mainly assumed an absolute one, which in general results in
considerably lower total risk figures, except for the breast. This might be one
important explanation for the decreased weighting factor.
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OESOPHAGUS

In ICRP 60 the oesophagus has been recognized as a radiosensitive organ and
it has thus received a specific weighting factor. However, in the tables of
"S"-values or absorbed fractions that are normally used for the calculation of
internally absorbed doses (14-16), this organ is not included. In this work the
absorbed dose to the oesophagus has therefore been approximated with the average
absorbed dose to the remainder. Other possible approximations are to assume that
the dose to the oesophagus equals that of a neighboring organ, such as thyroid,
lungs or thymus, for which absorbed fractions are available. This approximation
can only be done provided that there is no increased uptake in the organ that is
used for substitution or in the oesophagus. When the effective dose was
calculated with different alternative approximations for the absorbed dose to the
oesophagus we found that the differences in the final results were very small,
less than one per cent. Therefore, for simplicity, we have chosen to apply the
average dose to the remainder also for the oesophagus.

THYROID

In ICRP 26 the weighting factor for the thyroid was 0.03, it has not been
changed to 0.05. This increase depends to a high degree on "rounding off". For
simplicity the ICRP grouped the organs so that the number of different weighting
factors was limited. From the risk figures given in Table 1, a weighting factor
of 0.02 can be derived for the thyroid, this has been rounded up to 0.05, which
is a remarkable increase. This is one reason why the effective dose from iodide
has increased compared to the old effective dose equivalent. ICRP may have
chosen to round off the figure upward, considering the important role as a
potential source of internal exposure of radiological workers that is played by
the iodine radioisotopes.

In comparison with date analyzed by the BEIR V committee (6) and the study
on cancer incidence in patients who have received 131I for diagnostic purposes in
Sweden (17), this factor seems to be fairly high. Many substances used in
nuclear medicine are distributed in the thyroid; this applies especially to
iodinated substances, including iodide. It is therefore, in this context, of
great importance to use a weighting factor for this organ that, as good as
possible, reflects the real risk for the patient. For that reason a weighting
factor of 0.01 would be more suitable.

LIVER

The weighting factor for the liver has been rounded off to the same degree
as the thyroid. However, the radiation dose to the liver almost never reaches
the same level as that of the thyroid, and consequently the effective dose is
less sensitive for variations in the weighting factor for the liver.
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COLON

In the ICRP 60 list of organs for which a specific weighting factor is
given, the colon is included (Table 1). In the list for remaining organs (Table
2), however, the "upper large intestine" is found. This is an ambiguity, since
colon comprises all parts of the large intestine. In this report the weighting
factor for the colon (0.12) has been applied to the mean absorbed dose in the
whole large intestinal wall, and the data presented in Table 3 have been
calculated that way.

Table 3

Effective dose for some common radiopharmaceuticals, calculated with the ICRP 26
weighting factors (HE), and the recently adopted ICRP 60 weighting factors (E).

Nuclide

H-3
F-18
F-18
Cr-51
Cr-51
Cr-51
Cr-51
Fe-59
Ga-67
Se-75
Se-75

Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m
Tc-99m

In-Ill
In-Ill
In-Ill
In-Ill

Substance

Water
Fluoride
2-Fluoro-2-deoxy-d-glucose (FDG)
Chromium (III) chloride
Chromium EDTA
Chromium EDTA (Oral administration)
Cr-labelled erythrocytes
Iron
Gallium citrate
I-Selenomethionine
Selenium-labelled bile acid (SeHCAT)

Tc-labelled albumin (HSA)
Tc-labelled large colloids
Tc-labelled small colloids
Technetium-DMSA
Tc-DTPA
Tc-gluconate, glucoheptonate
Tc-labelled HMPAO*
Pertechnetate
Technetium-labelled IDA derivatives
Tc-labelled erythrocytes
Tc-labelled phosphates and phosphonates
Tc-labelled MAG3
Tc-labelled macroaggregated albumin
Tc-labelled albumin microspheres
Tc-labelled platelets (thrombocytes)
Tc-labelled white blood cells (leukocytes)

Indium
In-DTPA
In-labelled platelets (thrombocytes)
In-labelled white blood cells (leucocytes)

1
2
2
6
2
3
3
3
1
2
6

8
9
9
8
5
5
9
1
1
9
5.
6.
1.
1.
1.
1.

2.
2.
5.
4.

E
(1991)

.54E-02

.38E-02

.06E-02

.98E-02

.O8E-O3

.15E-O2

.21E-01

.15E+01

.04E-01

.61E+00

.08E-01

.8OE-O3
46E-03
92E-03
81E-O3
08E-03
3OE-O3
76E-03
31E-02
71E-O2
75E-O3
84E-03
59E-O3
15E-02
G3E-O2
57E-O2
45E-02

11E-01
O5E-02
23E-O1
73E-O1

1
2
2
1
2
3
5
4
1
2
7

9
1
1
1
5
8
1
1
2
1
7
7
1
1.
2.
2.

2.
2.
8.
6.

HE
(1977)

.54E-02

.72E-O2

.53E-02

.07E-01

.40E-03

.53E-02

.13E-01

.94E+01

.21E-01

.90E+00

.98E-01

.22E-03

.45E-02

.50E-02

.6OE-O2
95E-03
63E-03
34E-02
17E-O2
24E-02
04E-02
84E-03
70E-03
25E-02
11E-02
42E-02
01E-02

71E-01
39E-02
02E-01
82E-O1
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Table 3 cont.

1-123
1-123
1-125
1-125
1-131
1-131
1-123
1-125
1-125
1-131
1-123

1-131
1-123
1-131
1-123
1-131

Xe-133

Xe-133
Tl-201

Iodide (Thyroid
Iodide (Thyroid
Iodide (Thyroid
Iodide (Thyroid
Iodide (Thyroid
Iodide (Thyroid
Iodoamphetamine
Iodine-labelled
Iodine-labelled
Iodine-labelled
Iodine-labelled

Iodine-labelled
Hippuran
Hippuran

blocked, uptake
uptake 25%)
blocked, uptake
uptake 25%)
blocked, uptake
uptake 25%)
(IMP)
fibrinogen
albumin (HSA)
albumin (HSA)
microaggregated

microaggregated

Metaiodobenzylguanidine (MIBC)
Metaiodobenzylguanidine (MIBG)

Xenon-gas (Single inhalation or
30 s breathhold)

0%)

0%)

0%)

albumin (MIAA)

albumin (MIAA)

i.v. injection,

Xenon-gas (Rebreathing for 5 minutes)
Thallium

1.O9E-O2
1.61E-01
9.09E-03
1.03E+01
6.14E-02
1.74E+01
2.78E-02
1.12E-01
3.09E-01
8.21E-01
1.79E-02

2.22E-O1
1.20E-02
5.25E-02
1.48E-02
1.43E-01

1.79E-04

7.32E-04
2.27E-01

1.19E-02
1.00E-01
1.02E-02
6.16E+00
6.84E-02
1.05E+01
3.15E-02
1.31E-01
3.67E-01
9.02E-01
2.35E-02

3.O9E-O1
1.44E-02
6.34E-02
1.75E-02
2.04E-01

1.80E-04

7.34E-04
2.80E-01

*Not included in the ICRP 53 report.
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DISCUSSION OF PAPERS BY K.F. ECKERMAN AND L. JOHANSSON

CLOUTIER: I have a question for Keith. In 1975 ICRP 26 forewarned that the use
of detriment would be addressed in future reports. In 1991 ICRP 60 includes
detriment as a prominent issue. Does ICRP 60 give a clue as to what will be a
future issue?

ECKERMAN: The clues to the future will be found in two areas.

1) The future course of the health data among the A-bomb survivors. The major
changes between ICRP Publications 26 and 60 stem from what has been observed in
this population since 1979 and our understanding of the current limitations of
these data. We still have a lot to learn here.
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2) Efforts will continue to determine the last dosimetry quantities to
extrapolate the health data to the radiation conditions under concern.
Identification of cells at risk and their locations relative to deposited
radionuclides, the role of microdosimetry, etc., will become clearer in the
future.

POSTON: A question for both speakers. Would you comment on the appropriateness
of calculating effective dose equivalent (i.e., with ICRP risk weighting factors)
when applying such results to diagnostic nuclear medicine procedures? It seems
that the Journal of Nuclear Medicine is full of these calculations and I'd like
to get your opinion as to whether or not those are appropriate.

JOHANSSON: The good thing with calculating this is that you can make comparisons
with other procedures, but you should not stay with that figure alone. We have
seen here, for instance, for the iodide in the thyroid this effective dose must
be compared with a dose also to the thyroid. Does that answer your question? I
think it is relevant but it has to be used together with other organ doses.

POSTON: I want your opinion, so that is an answer.

ECKERMAN: I think it is expecting a bit much from any one single dosimetry
quantity to meet all these myriads of applications ranging from planning purposes
and radiation protection to real risk assessment procedures, etc. It is hard to
identify one single quantity. The dose received in a diagnostic procedure is not
constrained by dose limits since the benefit to the patient presumably outweighs
any risk. This is, of course, the first determination that should be made. In
reaching that decision and in selecting the diagnostic procedure to be used, it
may be helpful to have dosimetric information that compares procedures on a
common scale. The effective dose is a dosimetric quantity that has a biological
basis.

POSTON: I was referring to weighting factors used in ICRP 26. It is my
understanding that those were derived without consideration of sex or age and
were specifically for the working population aged 18 to 70 years. It seems to me
to use those factors in calculating the effective dose equivalent for diagnostic
procedures ignores the other side of the scale and that is the benefit which is
not factored in. That is not a question; it is a statement.

ECKERMAN: John, you do of course recognize that the benefit consideration is one
of the three tenets of the radiation protection framework. That there should be
a benefit is the number one thing in the radiation protection framework as well
as going to optimization. Finally, the last item in the ICRP radiation
protection framework is the dose limits themselves. This still has to be there.
A lot of subjective judgment that goes into radiation protection has to be
exercised to decide what is the benefit.

WRIGHT: I was at a lecture recently that was given by the rather controversial
experimental physiologist, Professor Eysenck. He put forward as the thesis in his
lecture that among ordinary people there are populations who are less susceptible
to cancer because they are natural fighters. Mind over matter. I put the
question to him that since the people in Nagasaki and Hiroshima had really gone
through a stressful time to say the least, the people who survived were the
natural fighters and would therefore be less prone to having cancer. Do you say
that you are trying to predict the age of survival with epidemiological studies
to other populations? Have you ever looked at this question seriously as to
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into the front end of the calculation and come out at the back and some

whether or not these people who survived Hiroshima and Nagasaki are any different
from normal people?

ECKERMAN: I don't know what measures have been used to characterize whether the
survivors were different from normals. This is one of the key questions in using
those data in a number of applications. That long-term followup of about 90,000
humans is really the only big data base that we have to work with and to make use
of. Hopefully, the extrapolations that one makes are being done in a
conservative matter but it is difficult to demonstrate. One can look at the risk
estimates from other exposed groups to note whether the values are in general
agreement. This seems Co be the case.

VAN DIEREN: I'd like to ask a more general question. Is there any progress in
the computerization of the calculations? I know some work has been done in the
Netherlands by a professional research laboratory on ICRP 53. Are there any
movements in America or anywhere else so that a computerized program would be an
accessible source code?

ECKERMAN: A number of efforts are underway in the states to develop software for
general usage. It is difficult to recommend any particular code because of the
continued development in biokinetic modeling and treatment of the age-specific
aspects of the dosimetry. Increased availability of data bases containing
dosimetric information can also be expected in the future.

VAN DIEREN: I have seen one of those programs called MIRDOSE2 from Oak Ridge but
there has been no comment as to whether it is accurate enough. There are
differences between the MIRDOSE Program and ICRP 53. Are there any programs that
have been tested and are error free?

ECKERMAN: You will see differences between these codes, mostly dealing with the
time nature of this work. Different developments, different basic data that go

difference in the ni.tmerical results.

WATSON: I'd like to make a comment about the MIRDOSE2. If you have some
specific radiopharmaceuticals you can talk to Mike Stabin. We have looked at
some reports of different results with MIRDOSE2 than those that are published in
ICRP Publication 53 but we were satisfied that the differences were related to
differences in assumption rather than the way the calculations were done. If you
have any specific questions, I know Mike would be glad to discuss them with you.

STUBBS: Are there any guidelines or recommendations concerning calculating
effective dose or the EDE for women during various stages of pregnancy?

ECKERMAN: Guidelines for calculating the dose? I don't know of any procedure
computationally that has been implemented.

STUBBS: Will you change any of the weighting factors for a nonpregnant female
versus a pregnancy in the 2nd trimester or the 3rd trimester?

ECKERMAN: You could. The weighting system that the ICRP is using is the one
that you have seen in two presentations, and they did not recommend anything
specific with regard to the weighting system in those situations. They have
dealt more with restricting the dose that the embryo/fetus would receive and have
given some guidance in regard to restricting the intake of radionuclides to the
mother but not with respect to altering the weighting system. I should make note
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that there is a publication series in progress within the ICRP. ICRP 56 has been
published which deals with age in a dosimetric framework. One of the charges to
that task group is to address the embryo/fetus in a dosimetric manner. For
example, there is one avenue within the ICRP where you will see dose estimates
per unit intake of the mother for the embryo/fetus. There are corresponding
efforts within the NCRP headed in that same direction.

LAZEWATSKY: Just to return briefly to the suitability of the Hiroshima
population as normals. Has there been any specific effort to establish a control
group within the Japanese population?

ECKERMAN: There are control groups. One group has been defined as a function of
distance, for example. In addition, the health data for this population has been
compared to data from other study groups.
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THE INTERPRETATION OF ANIMAL DATA IN THE CALCULATION
OF DOSES FROM NEW RADIOLABELLED COMPOUNDS

Naylor GPL, Ellender M and Harrison JD
National Radiological Protection Board
Chilton, Didcot, Oxon, 0X11 ORQ, UK

ABSTRACT

At NRPB, dose calculations are performed for pharmaceutical companies
wishing to obtain approval for human volunteer experiments. Animal data from one
or more species are used to estimate the radiation doses to humans that would
result from the administration of novel radiolabelled compounds. The
calculations themselves are straightforward, but the animal data can be
interpreted in different ways, leading to variations in the calculated dose.
Doses to the gut compartments usually dominate the committed effective dose
equivalent, but retention in other tissues may be important for some compounds.
Long-term retention components in tissues can affect doses considerably, and the
binding of many radiopharmaceuticals to melanin means that doses to the eye are
particularly important. The effect of these considerations on calculating doses
are considered, as well as the effect of changes in risk estimates and tissue
weighting factors.

INTRODUCTION

The National Radiological Protection Board of the UK is an independent body
that is responsible for advice, training and research in radiation protection.
The Radionuclide Biokinetics Group provides a dose calculation service for
pharmaceutical companies. These companies wish to administer radiolabelled drugs
to healthy human volunteers as part of the research and development program for
new compounds. Animal data are provided by the companies and used by us to
estimate likely doses to humans from an administration of the compound. The dose
estimate then accompanies the drug company's application for approval from the UK
Administration of Radioactive Substances Advisory Committee (ARSAC). The method
of calculation, the interpretation of the animal data and the range of results
obtained are discussed here. In addition, the effect of the use of the new ICRP
tissue weighting factors in the calculations is considered.

METHOD OF CALCULATION

Data are generally provided on the proportion of administered activity in
the tissues of animals at various times after an administration of the labelled
compound. Excretion data are also provided, giving the proportion of activity
excreted via the faeces and urine. Calculations are made assuming that the
levels of uptake of activity in tissues and the time dependence and pattern of
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excretion are the same in man as in the experimental animals. The validity of
these assumptions is discussed below.

A simple trapezoidal integration method is used to calculate the number of
radioactive disintegrations in each tissue from the data supplied. If any
radioactivity remains in a tissue at the last experimental time point it is
assumed, conservatively, to be lost with a half-time of 100 days. The number of
radioactive disintegrations for the contents of the gut compartments, gall
bladder and urinary bladder are calculated, as recommended by Dolphin and Eve
(1966) , from the fraction of administered activity passing through their contents
and their mean residence time in each compartment. It is assumed that 100% of
the faecally excreted activity is released into the gut in bile.

For both 3H and 14C, the only radionuclides commonly dealt with, the target
organs are also the source organs, so the doses can be simply calculated from the
number of nuclear transformations, their mean energy, and organ masses. Where
retention data are provided for the wall of gut compartments, the doses due to
the activity in the wall and that due to the gut contents are calculated
separately then summed. The committed effective dose equivalent (CEDE) is the
sum of the weighted doses to the testes, thyroid, lungs, bone marrow and bone
surfaces and to the five most highly exposed other organs (ICRP, 1977). The dose
to the bone surfaces is normally calculated, unless specific data are supplied,
by assuming that activity is uniformly distributed throughout bone and bone
marrow and that the unweighted dose equivalents to the red bone marrow and bone
surfaces are therefore equal.

RESULTS
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Figure 1. Distribution of committed effective dose equivalent values from the
most recent 27 dose calculations.
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Figure 1 shows the distribution of values of dose per unit administered
activity from the last 27 calculations carried out at NRPB. A typical value is
about 2 x 10"10 Sv Bq"1. To comply with a World Health Organization category 1
experimental maximum of 500 mSv this would correspond to a maximum administration
of about 2.5 MBq or 70 /iCi. The CEDE is often dominated by the doses to the gut
compartments. Excretion of activity tends to be about 50% in the faeces and 50%
in the urine. In this case, the total weighted dose to gut compartments, gall
bladder and urinary bladder would be 1.3 x 10"10 Sv Bq"1. Greater faecal
excretion results in larger overall doses, and if 100% of activity was excreted
via the faeces, a total dose of 2.5 x 10"10 Sv Eq~: would result.

Dose per unit activity values below 10"10 Sv Bq"1 were due to either the use
of 3H labelled drugs or topical application of 1*C-labelled compounds to the
skin. In the latter case, the unabsorbed material was washed off the skin after
a few hours, so the proportion of administered activity absorbed into the body
was quite small. For the two topically administered compounds, the non-
stochastic dose limit for the skin was limiting, rather than the CEDE.
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Figure 2. Contribution of eye dose to committed effective dose equivalent.

CEDE values greater than 2.5 x 10"10 Sv Bq"1 result from the significant
retention of activity in tissues other than the gut compartments. Generally,
only 2 tissues are important, the eye and the testes. Figure 2 shows the
contribution of doses to the eye in the CEDE values calculated for the 27
compounds. In many cases, the contribution is small but it can be almost 100% of
the CE')E. The high doses to the eye are a consequence of the melanin-binding
properties of many pharmaceuticals and the very small mass of the pigmented
region of the eye. Unless there is evidence to the contrary, activity retained
in the eye is assumed to be concentrated in the choroid, ciliary body, and iris.
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The role of melanin and the potential importance of doses to the eye mean that
calculations including data from only albino animals are considered to be
unsatisfactory. Doses to the testes are less important than those to the eyes,
making contributions of less than 10% to the CEDE in two-thirds of the cases, and
not more than 50% in the remainder.

In most of the 27 calculations considered in this paper, the combined
weighted dose to the gut compartments, eyes and testes made up over 90% of the
CEDE and in all but one case, over 75%. The exception was a pharmaceutical which
concentrated on bone surfaces. In this case, the bone model recommended in ICRP
Publication 30 (ICRP, 1979) was used to calculate doses, rather than the general
assumption described above which is used in the absence of specific data.

INTERPRETATION OF THE ANIMAL DATA

It is assumed in the calculations that animal data for the percentage tissue
distribution of radioactivity can be applied directly to man. Alternatively,
doses could be calculated using tissue concentrations obtained in animals; the
difference would be a function of the relative ratio of tissue mass to total body
mass in man and the experimental animal. If this was an important consideration,
calculated doses could be expected to vary greatly depending on what species was
used. In the data provided for the last 27 dose calculations, full results from
two species have been included in six cases. The two species used were the rat
and either a dog or monkey strain. The mean ratio between the two CEDE values
calculated for a single compound was 1.4, the maximum being 2.3. On this basis,
it would appear that the current method of using the animal tissue data is
reasonable. A factor which tends to minimize the importance of species
differences in CEDE estimations is that doses to gut compartments, which are not
affected by considerations of different tissue mass, are often dominant in the
CEDE value.

The assumption of an arbitrary 100 day half-life for residual activity in
tissues has been questioned by pharmaceutical companies. It has been suggested
that retention parameters calculated from earlier time points should be applied
to activity remaining in tissues at the last time point. Animal data are rarely
of sufficient quality to allow the accurate determination of retention half-times
and the presence of a small long-term component would not be evident. It is
concluded that the assumption of a 100 day half-time is necessarily conservative.

THE EFFECT OF CHANGES IN TISSUE WEIGHTING FACTORS

The impact of the new ICRP Publication 60 (ICRP, 1991) tissue weighting
factors on the calculated CEDE values for radiopharmaceuticals is of obvious
interest to the companies involved. More tissues are given specific weighting
factors than previously and the 'remainder' is attributed a factor of 0.05 rather
than 0.3. If a single organ receives the highest tissue dose, then it is
assigned half this remainder, 0.025. Otherwise the factor of 0.05 is used for
the dose averaged over the rest of the body. The most important organs, as
discussed above, are the gastrointestinal tract, testes and eyes. The overall
dose to the gut compartments will usually be slightly increased by the use of the
specific weighting factor of 0.12 for the colon (taken to be equivalent to the
lower large intestine) used in the new recommendations. This increase will
outweigh the fact that other gut compartments will not have assigned weighting
factors as the most highly exposed 'other organs' as previously. Doses to the
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testes will be slightly smaller than previously as the weighting factor is
decreased from 0.25 to 0.2. If the dose to the eye is the highest tissue dose,
as is often the case, then a weighting factor of 0.025 will be used on the basis
of ICRP Publication 60 (1991); at present a factor of 0.06 is used.

If the new weighting factors are applied to the last 27 dose calculations,
the CEDE values are reduced to a mean of 85% of the original estimates. If the
dose to the eye is the major contributor, then the CEDE can be as low as 40% of
the original value. If the gastrointestinal tract is the major contributor, the
CEDE is slightly increased to 122% of the original.
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A NEW APPROACH TO RADIOPHARMACEUTICAL DOSE ASSESSMENT

Desrosiers MF and Coursey BM
Ionizing Radiation Division

National Institute of Standards and Technology
Gaithersburg, Maryland 20899

ABSTRACT

Dosimetry for bone-seeking radiopharmaceuticals relies on an accurate
measurement of the activity administered, a model for uptake of the
pharmaceutical, and calculations of the dose to the target organ. We report here
a new approach to experimental assessment of the radiation dose to bone using
electron paramagnetic resonance (EPR) spectrometry. Ionizing radiations interact
with mineralized bone tissue (hydroxyapatite) to produce dose-dependent
concentrations of long-lived paramagnetic centers. We have successfully applied
the EPR technique to bone tissues of an animal treated with a radiopharmaceutical
to demonstrate its sensitivity towards radiation-induced centers in the
mineralized tissue. Although the EPR bone dosimetry method is invasive, it does
offer the first experimental technique for measuring and mapping the tissue
response to the administered radioactivity.

INTRODUCTION

Therapeutic and palliative uses of bone-seeking radiopharmaceuticals are
undergoing clinical trials for human subjects (1,2). Candidate radionuclides
include phosphorate complexes of 153Sm, 186Re, 188Re, and 166Ho. There is also
considerable interest in tissue-specific monoclonal antibodies labelled with 90Y,
125I, and 186Re. The limiting dose for these therapeutic applications is often
based on the calculated bone marrow dose. The dosimetry for these agents relies
on an accurate measurement of the activity administered, an animal model for
physiological distribution, and calculations of the dose to the target organ
(bone) as well as other organs, following the schema developed by the Medical
Internal Radiation Dose (MIRD) committee (i). The National Council on Radiation
Protection and Measurements has recommended that experimental methods be
developed to validate dose calculations from the MIRD model (4). Here we offer a
new approach to assessment of the radiation dose to bone using electron
paramagnetic resonance (EPR) spectrometry.

ELECTRON PARAMAGNETIC RESONANCE

EPR is a non-destructive spectroscopic technique sensitive to paramagnetic
centers (molecules/atoms with unpaired electrons) in a variety of materials
ranging from biological tissues to solid-state inorganic devices. With EPR, the
structure and concentration of paramagnetic centers can be determined. Practical
applications based on EPR assessment of radiation-induced centers have been
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developed for archeological dating (5), irradiated food detection (6), and
dosimetry for clinical radiation therapy using crystalline alanine (7).

BONE TISSUE

In 1955, Gordy and coworkers (8) were the first to detect a paramagnetic
center in the mineralized tissue of 7-irradiated bone. The measured EPR spectrum
has been attributed to centers formed by trapping of ionized electrons by
carbonate naturally present in the hydroxyapatite mineral matrix. The
hydroxyapatite center, formed in vitro, is very long-lived, with an estimated
lifetime of 105 years (9). However, its persistence in vivo is significantly
reduced and is currently under investigation (10). Here we describe preliminary
tests of the EPR method for dosimetry of clinically-administered
radiopharmaceuticals.

UNIRRADIATED BONE

The EPR spectrum of unirradiated bone tissue contains a single resonance
commonly observed in all types of bone (Figure 1A). The nature of this resonance
has not been determined, but it has been attributed to "organic radicals" (11).
This signal is generally weak in intensity and is spectroscopically
distinguishable from the hydroxyapatite radiation-induced signal; it is not
considered useful for dosimetry and does not interfere appreciably with the
measurement of the hydroxyapatite signal.

Figure 1. First derivative EPR spectra of dog femurs: (A) no radiation; (B)
166Ho-irradiated in vivo; (C) 166Ho-irradiated in vitro.
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IN VIVO BONE IRRADIATION

In collaboration with researchers at the University of California, Davis, a
laboratory-maintained beagle was injected with an ethylenediaminetetramethylene-
phosphonate complex of 166Ho (12). Conventional dose calculations indicated a 30
Gy dose to the compact bone. The animal was sacrificed 16 days later, and a
humerus removed for study. From the whole bone a fragment was cut (approximate
dimensions 3 x 25 mm). The bone fragment, in a 5-mm quartE tube, was placed in
an X-band microwave resonator of an EPR spectrometer. The field-swept first
derivative EPR spectrum is shown in Figure IB. The low-field resonance in
spectrum IB is the same as that assigned above to organic radicals. The high-
field EPR resonances in spectrum IB are characteristic of a hydroxyapatite
paramagnetic center. The larger central resonance is used as a measure of the
spin concentration, and is proportional to the absorbed dose.

DOSIMETRY

An EPR measurement procedure to assess the unknown absorbed dose to bone
tissue was first suggested by Swartz (13"* for radiation accident dose estimates,
then applied to archeological dating (14; and irradiated food dosimetry (15). It
was proposed that additive re-irradiation of the bone, and measurement of the
bone EPR spectrum at each interval, would generate a dose-response curve for the
bone in question. Back-extrapolation of this dose function to the negative dose
axis (abscissa) should yield an estimate of the original absorbed dose. Recent
refinements to the dose function used have produced improved accuracy and
precision of the estimates (16). This approach was successfully tested in an
international blind co-trial on EPR dosimetry of irradiated foods (17). The
advantage of the EPR method is that by generating the dose-response function for
the sample in question, the dose estimate is not influenced by sample-dependent
changes in the EPR response due to the amount of hydroxyapatite and its degree of
crystallinity (18).

Efforts are in progress to apply the EPR method to radiopharmaceutical
dosimetry; however before accurate dose estimates can be obtained, a detailed
study of the in vivo decay characteristics of the EPR signal must be undertaken.

IN VITRO BONE IRRADIATION

To develop an in vitro model for 166Ho irradiated bone, we deposited a
standardized solution of the radionuclide onto bone fragments. Holmium-166
(t1/2 - 1.117 d) was obtained from the University of Missouri Research Reactor
and standardized by the method of Uirfi liquid-scintillation efficiency tracing
with tritium (19). Nine and 18 mg of a 0.1 N HC1 solution was gravimetrically
deposited onto the center of two dry cortical bone fragments (dimensions
12 mm x 4 mm) from an Irish Setter femur. The solvent was completely removed
within 30 minutes by drying the samples in vacuo at ambient temperature. Initial
EPR measurements were made seven half lives later. The EPR spectra recorded for
bones 1 and 2 (Figures 2A and 2B) show the expected factor of two greater
intensity for bone 2. Measurements made 26 days later indicated no appreciable
decrease in the EPR signal intensity.
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B

Figure 2. First derivative EPR spectra of cortical
bone fragments treated with: (A) 9 mg,
and (B) 18 mg, 166Ho solution.

Holmium —1 66
EFFY spectrum

200 400 600 800 1000 1200 1400 1600 1800 2000
energy

Figure 3. Calculated beta-particle energy spectrum for 166Ho.
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The beta-particle spectrum for the 1S6Ho calculated using the program EFFY2
(20) is shown in Figure 3. The average energy for the beta particles is 0.8 MeV.
To better define the relationship between location of the radionuclide and
deposited dose, we are considering methods to radioassay samples on the mg scale.
For example, the long-lived 166mHo (1200 years) might be used as a tracer for
166Ho bone-seeking radiopharmaceuticals, since it will always be present in the
pharmaceutical preparation. The reactor-produced material used in the in vitro
studies was examined with a Ge(Li) semiconductor detector for radionuclidic
impurities by Dr. Dale Hoppes of the NIST. The impurities at end-of-bombardment
(EOB) are shown in Table 1. For the aged sample of bone sample #2 - that is,

Table 1

Radionuclidic impurities in (26.77 hour) 166Ho from
MURR at end-of-bombardment, December 12, 1990

Radionuclide

166-Ho
16°Tb
1 5 2Eu
1 7 7Lu
153Sm

Tl/2

1200
72.3
13.4

169.9
46.27

y
d

y
d
h r s

Activity

1.4
1.2
7.0
5.3
4 .6

Ratio to 166Ho

x 10"7

x 10"7

x 10"8

x 10"8

x 10"8

following complete decay of the short-lived nuclide - we have approximately 2 Bq
of 166Ho and 2 Bq of 152Eu and other nuclides. These low-levels of rare-earth
impurities may be used to study the fate of the pharmaceuticals using low-level
liquid-scintillation beta spectrometers at NIST. A liquid-scintillation spectrum
of the aged material is shown in Figure 4. This spectrum is from a sample of the
standard solution. Further measurements on the bone fragments are in progress.
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Figure 4. Liquid-scintillation spectrum of Ho sample 60 days past end-of-
bombardment. The x-axis is log energy,
to 15zEu and the lower to 166mHo.

The upper peak corresponds
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Bone 2 was subdivided into three fragments and for each an EPR spectrum was
measured. The EPR signal intensity measurements confirmed that the radiation
exposure was non-uniform, and was greatest at the central portion of the bone
fragment. Efforts are in progress to refine the dose calculation model and
correlate these estimates with the experimentally-determined EPR dose estimates.

CONCLUSION

The EPR bone dosimetry method offers the first experimental technique for
measuring and mapping the tissue response to the administered radioactivity.
Given the extreme sensitivity of the bone marrow to ionizing radiation, the
promise of this technique for improving bone dosimetry should be explored.
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DISCUSSION OF PAPERS BY G.P.L. NAYLOR AND M.F. DESROSIERS

HARPER: Why was a patient population excluded from the ICRP formulation of
effective doses when Naylor and Johansson were clearly using it in clinical
applications? Would you care to comment about this?

WATSON: Keith, do you have any comments?

ECKERMAN: The dose received by a patient in the course of medical treatment is
not constrained by a dose limit. The judgment presumably is made that the
benefit to the patient far exceeds any risk. The utility of the concept in
nuclear medicine is with respect to comparative analysis of various procedures as
a single quantity. Many people currently use total-body dose as such an index,
but it has no biological basis.

BRILL: A comment with respect to Dr. Desrosiers's very interesting paper links
into what we were talking about with respect to the A-bomb survivors as well.
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The observation several years ago in Japan that survivor dosimetry could be
checked with EPR measurements in teeth or bone buttons worn at the time of the
bomb has intrigued me and others interested in the A-bomb survivor follow-up.
Since much of the recent information on radiation risk that suggest increased
risk coefficients comes from the Japanese studies, it is important to get the
dosimetry right. The high incidence of gastric cancer in the Japanese has led to
the high weighting factor now assigned to that organ. Since Ted Webster has
shown that exposures of the order of 50 roentgens were not uncommonly received
from annual GI series obtained in screening studies, the effect in Japan from the
bomb needs to take all exposures into account, and this technique may assist in
that respect. When we first learned about this observation, Ken Kase and a
graduate student (John Copeland) began work to assess bone marrow dosimetry from
90Y. We too believe that this technique holds great promise for use in
monoclonal antibody dosimetry.

DESROSIERS: We have demonstrated the sensitivity of EPR to 90Y monoclonal
antibody irradiation of bone tissue. In soon to be published results, we
measured EPR resonances in an iliac bone marrow biopsy from a patient treated
with 20 mCi of 90Y. We intend to apply EPR dosimetry for dose mapping
radiopharmaceutical exposures in animal studies and validate doses delivered in
clinical applications. We hope to contribute to radiation risk studies in an
upcoming EPR study of tooth enamel from Chernobyl survivors.

FISHER: I would like to know if you characterized the sensitivity of this
detection technique in terms of its bias, precision, and minimum detection level?
How did you calibrate your system? With what level of certainty are you
reporting absorbed doses below 1 Gy?

DESROSIERS: The minimum detectable dose in tooth enamel has been reported to be
on the order of a few cGy; for bone tissue this dose should be higher but has yet
to be determined. We have not reported dose estimates below 1 Gy.

FISHER: How did you calibrate your system at high dose levels? What kind of
standards did you use for coming up with your calibration?

DESROSIERS: For the absorbed dose? Our sources are NIST-calibrated sources, all
calibrated by Fricke Dosimetry. They are all Co-60 gamma sources that we use to
deliver the dose. It's the same system that everyone in the U.S. traces
calibrations to.

LATHROP: I have a question for Dr. Naylor. The Medical Internal Radiation Dose
(MIRD) Committee in calculating dose estimates from radiopharmaceuticals uses
only data obtained with humans. The reason for this is that although the maximum
uptake for the biological curve may be the same for animals and humans the time
differences may vary greatly. If I understand you correctly you are using animal
doses to calculate absorbed doses to humans? Could you comment on this please?

NAYLOR: Yes, we are certainly using animal data to estimate doses for humans.
One of the most important pieces of information we get from the animal data is
the relative proportions of activity excreted via the faeces and urine, and this
factor should be time-dependent. From there, we use human residence times and
tissue masses. The other important data concern retention in the eye and the
testes, and our model contains several conservative assumptions. Doses to other
tissues are usually one to two orders of magnitude lower.

WILSON: What method of animal-to-human extrapolation was used and have you
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looked at other proposed methods?

NAYLOR: How did we decide on the method?

WILSON: Yes, I know that you just mentioned the dose to the gut but you used the
residence times with the other organs.

NAYLOR: We use a simple percentage activity per tissue extrapolation. We have
looked at tissue weight-corrected and allometric extrapolations but have found no
advantages to these alternatives. The method we use contains conservative
assumptions for the important tissues and this is why we prefer it.

65
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ABSTRACT

It is of little surprise to most experts in radiation dosimetry that the
largest uncertainties associated wich calculation of absorbed doses to tumor and
normal tissues after IV administration of radiolabeled antibodies, does not lie
in the calculation methods but rather in the acquisition of time-dependent
activity data. In comparison to external beam radiation dosimetry, the problercs
of temporal and spatial macroscopic and microscopic heterogeneities continue to
confound our best efforts. In fact in some clinical settings, only a
radiobiological end-point such as hematopoietic depression is used exclusively
with no reference made to absorbed dose quantitation at all. Hence in these
cases, it is most practical to simply relate administered activity directly with
radiobiological response. To help provide a correlation between activity,
absorbed dose and radiobiological response, animal radioimmunotherapy (RIT)
experiments were performed here in which the above parameters were measured and
compared with multiple dose levels of external beam irradiation. Using the
LS174T colorectal xenograft model in nude mice, administered activities of up to
18.5 MBq of 1-131 labeled B72.3 delivered an average measured absorbed dose to
tumor of 3.2 ± 0.5 cGy/3.7 x 10* Bq. This absorbed dose (1440 cGy from a nominal
17 MBq administered activity) produced tumor growth delay values that were
comparable to a dose of 2,250 cGy on average delivered by single fraction
external beam radiation therapy. An average dose enhancement ratio was
calculated at 1.6 for RIT as compared with external beam therapy. This
enhancement ratio ranged from 1.0 - 2.4 for sevex'al experimental repetitions
under a variety of initial conditions.

INTRODUCTION

As previously reported by our laboratory for animal radioimmunotherapy (RIT)
(1,2), the radiobiological effects of both absorbed dose heterogeneity and dose
delivery at exponentially decaying, low-dose rate may be compared to experience
gained with external beam therapy (XRT). Several authors have subsequently used
this method with animals undergoing RIT (3-6) to relate absorbed dose estimates
with radiobiological responses for various irradiation modalities. These results
are summarized in a review by Knox (7).
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The data set presented here is a compilation of 3 separate experiments
which examine the variation of the same experimental parameters over several
years' time. The time span and number of experiments quoted here is net meant to
lend further credence to the data, but rather to demonstrate some of the problems
in experimental reproduceability. Some of the conclusions reached from these
data differ somewhat with previously reported results from our laboratories.
Neacy et al (8) are in agreement with Burras et al (6) and do not agree with some
aspects of the results reported by Buchsbaum et al (3). These apparent
discrepancies underscore the need for tighter control standards when using TLD
dosimetry, Infinite Media - MIRD Dosimetry formalism ('Macro-MIRD') (9) and tumor
regrowth delay as endpoints for RIT/XRT comparison studies. In the context of
animal xenografts, 'Macro-MIRD' simply assumes a non-penetrating absorbed
fraction of unity for 1-131. An excellent review by Hill (10) emphasizes the
variety of results one may obtain from similar radiobiological comparison
experiments based on tumor regrowth delay. This manuscript will provide not only
specific information with regards to RIT with the LS174T colorectal tumor line
but, in adiition, emphasize the important parameters that must be standardized
such that meaningful conclusions can be drawn.

METHODS AND MATERIALS

A. TUMOR MODEL AND RADIOLABELED ANTIBODY PREPARATION

LS174T tumor cells available from the National Cancer Institute (Schlom and
co-workers) were established as xenografts in nude mice by injection into the
hind leg of 5 x 106 cells at Dupont facilities. The monoclonal antibody B72.3
(IgGĵ ) is murine in origin and recognized TAG-72, a colon cancer associated
antigen (11). The antibody was radiolabeled with 1-131 via the chloramine-T
method (0.37-1.1 MBq/jug), purified by column chromatography (95% radiochemically
pure) and assessed for immunoreactivity by cell binding assay at 10-25% (12).

Tumor size ranged between 20-800 mm3 for single fraction external beam (SF-
XRT) or RIT with a minimum of n = 6 per irradiation group. The effects of such a
wide variation in initial tumor size upon regrowth delay will be further examined
in the discussion. The tumor xenograft was placed on the mouse's hind leg above
the knee. For SF-XRT, the leg may be extended away from the body for shielding
of the GI tract (See Figure 1-Ref 1). Table 1 shows typical mouse
biodistribution results of this antibody/tumor system after 288 hrs. post
injection.

B. EXTERNAL BEAM IRRADIATION

Each tumor was individually irradiated as previously described (1). The
mice were immersed neck high in water for maximum build-up of absorbed dose. The
water temperature was 22°C instead of the recommended 37°C as used in subsequent
experiments (1). A 4 MV linear accelerator (Isocentric - 80 cm) delivered the
acute SF-XRT at a dose rate of 200 cGy/min. Anterior surface of the tumor was
placed 1 cm inside the phantom chamber wall for maximum dose build-up. Absorbed
dose field uniformity was within ± 5% as measured by a 0.1 cc Farmer-type
ionization chamber whose calibration was traceable to the National Institute of
Standards and Technology. Miniature TLD were also used as a cross-calibration
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Table 1

Biodistribution at 288 Hrs. Post Injection

Organ

Blood

Liver

Spleen

Stomach

Upper GI

Lower GI

Kidneys

Heart

Lungs

Thyroid

Muscle

Skin

Tumor

% ID (gm)

3.76 ± 1.23

0.72 ± 0.21

1.26 ± 0.59

0.25 ± 0.11

0.19 ± 0.08

0.16 ± 0.06

0.72 ± 0.23

0.93 ± 0.42

1.53 ± 0.43

3.53 ± 1.38

0.38 ± 0.15

1.01 ± 0.24

8.93 ± 2.88

standard in vivo for these mouse irradiations as previously described (1, 13).
The TLDs with dimensions of 0.2 x 0.4 x 5 mm3 were made from CaSO4:Dy disc (13).
TLD response for irradiated implanted TLDs compared to those that are irradiated
in dry Temex phantom were measured to be within 10% of each other on average. No
TLD fading was observed within 24 hours post implantation. Two separate SF-XRT
experiments with the animal models were performed with absorbed dose ranging
between 0 and 2500 cGy. Animal tumors were measured up to 80 days post-injection
or post-irradiation.

Volume doubling time (VDT) and volume quadrupling time (VQT) were used as
the measuring standards to score the tumor growth in all groups for both the
external beam and radioimmunotherapy experiments. These parameters (VDT and VQT)
were defined as the amount of time in days from the time of irradiation that the
tumor volume either doubled or quadrupled, respectively. Tumor growth was
determined by multiplying the product of three measured orthogonal tumor axes
(Tumor Volume Index) by 0.51. The multiplier 0.51 is the mathematical ratio of
an ellipsoid which just fits inside a rectangular volume with sides of the three
tumor axes. This Tumor Volume Index times 0.51 approximately corresponded to the
tumor volume in mm3. The tumor measurements were performed at least weekly with
a sterilized vernier caliper with the animals in a laminar flow hood. A swelling
or final mitotic doubling within the first 15 days after irradiation followed by
tumor shrinkage was ignored in tumors for VDT or VQT quantitation.
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TLDs were also inserted into tumar, both shoulders, contralateral hind leg,
CI tract, Oliver and 1 cm above tumor for n - 4 animals with each RIT irradiation
group and selected SF-XRT experiments, as previously reported (14). No less than
n = 6 animals were used for each RIT regrowth delay experiment after n = 4 were
sacrificed for TLD absorbed dose assessment at day 10 (total of n — 10 animals
for each irradiation dose). Calibrations of the TLDs were performed in an 1-131
phantom (13) for similar time length of exposure as .in vivo experiments.

EXTERNAL BEAM IRRADIATION - LS174T
RUN I

so
70

TIME (Days)

CONTROL —•— 500 cGy 1000cGy 2000 cGy

Figure 1 - Plot of Tumor Volume Index vs Time after External Beam Irradiation

Table 2

External Beam Irradiation - LS174T - Run 1

Absorbed
dose
(cGy)

Control

500

1000

2000

VDT
(days)

3

4

12

11

VQT
(days)

7

18

16

52

Initial Tumor Size
(TVI)

100

300

40

150
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RADIOIMMUNOTHERAPY - LS174T
RUN!
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J5 45

TIME (Days)

CONTROL •-*- 80 uCi

320 uCi - x - 430 uCi

160uCi

Figure 2 - Plot of Tumor Volume Index vs . Time After
Inject ion of 1-131 B72.3 Antibody

Table 3

Radioimmunotherapy - LS174T - Run 1

Injected
Activity

MBq (/id)

Control

3.0 (80)

6.0 (160)

12.0 (320)

16.0 (430)

VDT
/days)

4.3

3.8

3.5

18.0

17.0

VQT
(davs_l

9.0

11.0

9.5

33.0

40.0

Initial Size
(TVI)

180

180

210

128

178

Absorbed Dose (cGv)
(Single Measurements)

-

143*

286*

573*

770

* Derived from 16 MBq data se t .
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EXTERNAL BEAM IRRADIATION - LS174T
RUN II

so
JO 50 70

TIME (Days)

CONTROL 1000cGy 1500cGy 2500 cGy

Figure 3 - Plot of Tumor Volume Index vs. Time After
External Beam Irradiation

Table 4

External Beam Irradiation - LS174T - Run 2

Absorbed
dose
(cGy)

Control

1000

1500

2500

VDT
(days)

4

3

4

16

VQT
(days)

8

13

18

34

Initial Tumor Size
(TVI)

800

180

220

400
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RESULTS

Plots of tumor size vs. days post Irradiation or injection are shown in
Figures 1 and 3 for SF-XRT experiments and Figures 2 and 4 for RIT animal
experiments. Tables 2 and 4 correspond to SF - XRT Runs 1 and 2 respectively,
similarly Tat ;s 3 and 5 correspond to RIT Runs 1 and 2. "teasurements span over
3 years' time ». cilizing in excess of 500 animals for biodistribution, TLD
measurement, SF-XRT and Rit data sets. Run 1 experiments formed the data base
for the abstract by Neacy (8). Run 2 experiments were a rerun of Run 1 initial
conditions utilizing more animals and TLD measurements. Not shown here are
irrelevant antibody RIT experiments (Anti-Horseradish peroxidase - 1-131 -150 MBq
which demonstrated little therapeutic response. Also not shown, is an additional
TLD/RIT experiment (Run 1.5) at activity dose level of 16.5 MBq which yielded a
statistically significant absorbed dose measurement at 2399 ± 586 cGy for
xenografts with initial size of approximately 200 mg. This measurement (Run 1.5)
provided the incentive to plan and execute Run 2.

DISCUSSION

The summary statement by Neacy et al (8) regarding the possible enhancement
of RIT over SF-XRT was based on data Run 1 experiments. TLD measurements
reported in Table 3 (RIT - Run 1) represent single TLD measurements. The average
tumor/whole body TLD dose ration or Run 1 of 3.5 was somewhat higher at 4.2 ± 0.6
for RIT Run 2. As reported in the Results section, RIT Run 1.5 yielded an
absorbed dose to tumor at 2399 ± 586 cGy for 17 MBq administered with T/NT ratio
of 2.5. Examination of the three separate experiments in the activity range of
15 MBq (Run 1 - 770 cGy; 16 MBq, T/NT =3.5; Run 1.5 - 2399 ±586, 16.5 MBq, T/NT
- 2.5; and Run 2 - 1044 ± 216 cGy, 15 MBq, T/NT - 3.4) shows not only a
substantia] variation for tumor absorbed dose between experiments but also a
variation in the absolute amount of absorbed dose received by the whole body for
each experiment (Run 1 - whole body - 220 cGy; Run 1.5 - whole body 950 cGy and
Run 2 - whole body - 307 cGY). Apparently, the pharmacokinetics of the
radiolabeled antibody for Run 1.5 was different compared to the preparation
associated with Run 1 and Run 2. Absorbed dose to the tumor was measured at:
Run 1-1.8 cGy/3.7 x 10* Bq; Run 1.5 - 5.4 cGy/3.7 x 10* Bq and Run 2 - 2.6 to
4.1 cGy/3.7 x 10* Bq. For Run 1 - TLD tumor measurements were scaled from the 16
MBq data set. Although tumor heterogeneity is a major factor in the dispersion
of dosimetry results according to autoradiography (15) from our laboratory
reported measuring 810 cGy by the TLD method vs. 824 cGy calculated by the
'Macro-MIRD' method (9) per 7.4 MBq of injected 1-131 B72.3. This yields an
absorbed dose for these tumors of 4.05 cGy/3.7 x 10* Bq. Hence, the TLD data
that Neacy et al (8) based their conclusions upon were somewhat low (.1.6 vs 2.6 -
4.1 cGy/3.7 x 104 Bq) as compared to these repeated experiments and calculations.

Radiobiologic data shown in RIT and SF-XRT Runs 1 and 2 are in reasonable
agreement with respect to the VDT and VQT of the controls. RIT Run 1 at 5.9 MBq
showed little effect on VDT or VQT and does not readily scale to other activity
levels in either RIT Runs 1 or 2. Growth delay results for the 11 MBq activity
dose of runs 1 and 2 in good agreement. However, twice as much absorbed dose was
recorded for Run 2 (1026 ± 734 cGy) as for Run 1 (573 cGy) at these administered
activities (11 and 12 MBq, respectively). A larger dispersion in results is also
noted in the Run 2 -11 MBq experiment (± 734 cGy). Neacy et al (8) conclusions
were also based on the analysis of VDT alone (not considering VQT). This makes a
difference when comparing the RIT results to SF-XRT Runs 1 and 2. First of all,
the 1000 cGy data point form the SF-XRT Run 1 should be excluded since the tumors
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were probably not in their exponential growth phase initially (TVI only 40 (0.51
x mm3)) as compared with other absorbed dose levels (TVI at 100-400 (0.5) mm3)
for either SF-XRT Runs 1 and 2.

The 2000 cGy and 2500 SF-XRT Runs 1 and 2 data points were nominally
consistent and correspond in terms of VDT and VQT with RIT Run 1-16 MBq and Run
2 - 1 5 and 18.5 MBq data sets. Using a statistical average of absorbed dose
derived from these RIT experiments of 3.2 ± 0.5 cGy/3.7 x 104 Bq, an administered
activity of 17 MBq should deliver an average 1440 cGy to a tumor and is
radiobiologically equivalent at 2250 cGy by SF-XRT. This newly derived average
enhancement ratio is 1.6 for RIT with respect to SF-XRT. The range of
enhancement ratio derived from these measurements for the 15, 16 and 18.5 MBq RIT
experiments with respect to the 2000 and 2500 cGy SF-XRT is 1.0 - 3.2. Excluding
RIT Run 1 results, due to substantially lower tumor cGy/unit administered
activity values, this enhancement ratio range is 1.0 - 2.4.

The rather large range in dose enhancement ratio seen is to be expected in
view of absorbed dose heterogeneity, variation of LS174T radiosensitivity, and
uncertainties and inherent inconsistencies in the VDT and VQT methods based on
the large dispersion of initial tumor size. However, volume doubling, time of
this tumor line is remarkably stable in our hands over this experimental time
period. In comparison to Buchsbaum (3), even though they used a different
radiolabeled antibody (1-131 - 17-lA - whole IgG), the 'Macro-MIRD' calculated
absorbed dose for a 11 MBq, single administration was 1900 cGy for LS174T tumors
of similar size. This is in reasonable agreement with measured results presented
here. Their size doubling time of two orthogonal dimensions (which is actually a
volume tripling) is 15 ± 3 days. This doubling time is somewhat faster than what
we detect for a similar absorbed dose level or activity administration.

However, Buchsbaum et al (3) report an enhancement of SF-XRT over RIT by
about 3 to 1. One possible source of difference between the present work and
that of Buchsbaum et al (3) is the comparison of the SF-XRT data sets rather than
the RIT experiments. The volume doubling time of the Buchsbaum SF-XRT
unirradiated control experiments was 8 ± 1 as opposed to 4 days for their RIT
experiment. Doubling time for controls in this work were 3.8 - 4.1 days. The
SF-XRT experiment has been repeated by Burras (6). These data and the Burras
conclusions are similar to work presented here (1.0 enhancement ratio for RIT to
SF-XRT vs. 1.6 average enhancement ratio for the present work).

Another experiment performed but not shown was the SF-XRT irradiation at
2000 cGy of an average initial tumor size of approximately 800 mm3. The VDT for
this irradiated group was a very rapid 8 days. Burras (6) showed little or no
difference in equivalent VDT with factors of 2 changes in initial tumor size at
irradiation. However, we have seen that an order of magnitude (or more) change
in initial tumor irradiation size (50 - 1000 mm3) can substantially bias the VDT
results. We, therefore, now randomized our animals into various dose groups as
their tumor reached irradiation size - 150 -250 mm3 (1), performing several
different irradiation doses in any given irradiation session. We also eliminate
animals with tumors that are growing substantially too fast (VDT ~2 days) or
slow (VDT > 6 days) from the mean doubling time (VDT -4 days).

Using the above standardized techniques as well as those associated with
SF-XRT dose uniformity, proper quality assurance of radiolabeiled antibody, at
least N > 6 animals of reach dose group, long observation time (>70 days) with at
least weekly measurement of tumor size and body weight will help insure
uniformity and reproducibility of the data sets.
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ABSTRACT

A mathematical model consisting of two differential equations was developed
to estimate the values of 3 physical constants which govern the uptake kinetics
of monoclonal antibody 96.5 (isotype IgG2a) in human melanoma spheroids. The
constants are the macroscopic binding rate Kf) macroscopic dissociation rate Kr,
and macroscopic diffusion constant D. The estimated values of these constants
are 8.8 x 108 (1/Mh) , 0.073 (cm2/h) , and 8.28 x 10"5 (cmz/h) respectively. The
binding valence n of the antibody with its associated antigen was assumed to be
1. When n was assumed to be 2 and with the same value of D, the estimated values
are Kf = 6.5 x 10

8 (1/Mh) and Kr - 0.46 (cm
z/h) . This model gives reasonably £,ood

agreement with the experimental antibody uptake by the spheroid in the cases of
brief washing and 24 hour washing after different incubation periods with the
antibody, even though saturation of binding sites occurred in the peripheral
layer of the spheroid. Overall, this model showed better prediction of the
uptake of antibody than the simple model that we reported previously. The simple
model does not allow for saturation of binding sites.

A model consisting of three differential equations was also introduced in
this work to estimate not only Kf, D, and Kr, but also the rate of shedding of
antibody-antigen complex.

INTRODUCTION

Recently, many research workers have reported heterogeneous monoclonal
antibody (MoAb) distribution in tumors after intravenous (1,2) and
intraperitoneal (3) administration of the MoAb. Part of the heterogeneity is
caused by nonuniform distribution of antigen (Ag) in various regions of a tumor
(4); another part by nonuniform access of MoAb to the antigen (5). Fujimori et
al (6) studied the question of MoAb access to tumor antigens by means of a set of
mathematical models that splice together information from the global
pharmacokinetics and from microscopic processes involved in distribution at the
cellular level. Although qualitative features of their mathematical findings
proved consistent with the few interpretable observations available, detailed
validation of the models xjould require much more data.

We have reported a kinetic analysis of influx and afflux data in
multicellular tumor spheroids for the special case of nonsaturable binding in the
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absence of convection and metabolism (7).. The spheroids represent an in vitro
model of small nonvascularized nodules in vivo. Jain and Baxter have reported a
kinetic analysis of MoAb transport, in a spherical model with hydrostatic pressure
gradients in the absence of antigen-antibody binding (8).

In the present work, the uptake kinetics of tumor-associated antibodies (Ab)
in multicellular melanoma spheroids was assumed to be governed by the physical
processes of diffusion, binding, dissociation and shedding of the antibodies,
similar to some of the assumptions made by Fujimori et al (6). Mathematical
equations describing Ab diffusion, saturable binding to, dissociation from and
shedding of Ag were solved by numerical methods. Assuming that the melanoma
spheroids were homogeneous with respect to these processes, a two differential
equation (2DE) model was developed to estimate the macroscopic diffusion constant
D, the macroscopic binding rate K£ and the macroscopic dissociation rate Kr from
uptake kinetics data. A three differential equation (3DE) model was also
developed not only to estimate Kf, D and Kr, but also to investigate the effect
of the shedding rate Kd of Ab-Ag complex on the total Ab uptake of the spheroids.

The Ab used in the experiments had valence of binding n equal to 2. If the
concentration of the Ab was much higher than the concentration of the Ag, then
most of the Ab could only bind to one Ag and n would be 1. This may happen at
the region oear the surface of the spheroid during incubation. On the contrary,
n would appear to be 2 if the concentration of antibody was equal to or smaller
than the concentration of Ag. This was more likely to happen near the center of
the spheroid during incubation. In this work, we considered both cases of n=l and
n=2 to examine the effect of the valence on the prediction of the physical
parameters.

MATERIALS AND METHODS

MATHEMATICAL MODELS

A checklist of the notation used in the computer program is provided in the
following. The units of the notation are enclosed in round brackets.

t1 — incubation time with radiolabeled Ab (s)
t2 = washing time in fresh medium without Ab (s)
Ca = concentration of radiolabeled Ab in incubation solution (M)
Go — maximum concentration of free binding sites (M)
L1(r,t1) = concentration of unbound Ab uptake after incubation (M)
G1(r,t1) = concentration of free binding sites after incubation (M)
B1(r,t1) = concentration of bound Ab uptake after incubation (M)
L2(r,t2) = concentration of unbound Ab uptake after washing (M)
G2(r,t2) = concentration of free binding sites after washing (M)
B2(r,t2) = concentration of bound Ab uptake after washing (M)
a = radius of the spheroids (150 microns)
n = valence of antibody

The mathematical models developed in this work were compared with uptake
kinetics results obtained by the same experimental protocol as described in our
previous paper (7). Briefly, groups of human melanoma spheroids of 300 ± 50 nm
diameter were incubated with 0.2 /ig/ml 125I-labeled mouse MoAb 96.5 (9) for tx =
1, 4, 8, 11, 14, and 24 hours at 37°C. At the end of each of the designated
incubation times, some of the spheroids were sampled and washed with phosphate
buffered saline (PBS) for a brief period t2 of about 5 seconds in the experiment.
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This rinsing removed any residual unbound antibody possibly adhering to the
surface of the spheroid. We call this the "brief washing" case. Some spheroids
were also incubated with fresh culture medium without Ab for 1 or 24 hours after
the brief wash. We call the latter two cases "1 hour washing" and "24 hour
washing" respectively.

Before incubation with the radiolabeled Ab, at time tx - 0, the spheroids
had zero initial concentration of radiolabeled Ab inside, L1(r<a,0) - 0, while
concentration of Ab outside and at the surface of the spheroid was assumed to be
constant, Lj(r > a,^) - Cx. The concentration of free binding sites inside and
at the surface of the spheroid at tx - 0 was at the maximum, Go. During the
washing period, the concentration of Ab outside and at the surface of the
spheroid was assumed to be zero, Lx(r > a,t2) - 0. The initial radial
distributions of Ab and free binding sites inside the spheroid at time t2 - 0
were the same as the distributions at the end of Ab incubation, L2(r<a,0) —
L1(r<a,t1) and G2(r<a,0) - G1(r<a,t1).

The differential equations for the 2DE model are (10):

D(32L1/3r
2) + (2/r)(dL1/ar)) - K^Gj + K^Go-G^/n a>r>0

- nKjLiG! + K ^ G Q - G ^

The binding reaction between the Ab and the Ag in the first equation was
assumed to follow a second order reaction kinetics. No convection within
the spheroids was assumed.
The initial and boundary conditions are:

2.
L2(r,t2)-0
Li(r)-0

! 0

G2(r)-G1(r,t1)

3.

r>a
r>a
r<a
r<a
r<a
r<a

r<0
r<0
r<0

, for
, for
, for
, for
, for
, for

• 2a,
• 2a,
• 2 a ,

all tx
all t2

tl=0
t2-0
tx-0

for all
for all
for alldG^r.t^/dr-O

dG2(r,t2)/dr«0 r<0.2a, for all t2

The last four boundary conditions in equation 3 were introduced mainly to
ensure smooth solutions to equation 1. The total uptake of Ab by spheroid after
incubation is the sum of the unbound, L^tj), and bound, B^tj) = [Go - Gj/t^J/n,
antibody concentrations. Likewise, the total uptake of Ab after washing is the
sum of L^t^ and B2(t2). nB2(t2) is equal to the difference of Go and G2(t2).

When metabolism of the Ab-Ag complex, such as shedding, occurs, then the
differential equations for the 3DE model are :

4. 3Lx/dt - D((a
2L1/ar

2) + (2/rj(aLi/cir)) - KfL^ + KrEx a>r>0
aG^dt - - nKfLiGi + n R ^
aBx/dt - KfL^ - (K

The initial and boundary conditions for the equations in 4 include those in
2 and 3 and the following equations in 5 and 6.

5. B-^rJ-O r<a, for t^O
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B2(r)-B1(r,t1) r<a, for t2-0

6. For smooth solutions to equation 4,

aB1(r,t1)/flr-0 r<0.2a, for all ta
3B2(r,tz)/ar-0 r<0.2a, for all t2

Calculations of the total uptake of Ab by spheroids for the 3DE model are
the same as for the 2DE model described before except that the bound uptakes of
antibody, B1(t1) and B2(t2), are no longer equal to the difference of Go and the
concentration of free binding sites.

The two sets of differential equations 1 and 4 were solved numerically on a
Digital VAX computer. Details of the numerical method are shown in the Appendix.

QUANTITATIVE AUTORADIOGRAPHY OF SPHEROIDS

In our previous uptake kinetics and retention experiments of the 1Z5I-
labeled 96.5 by melanoma spheroids, some spheroids at each incubation time point
were frozen in liquid nitrogen for quantitative autoradiography (11). A
computerized image analysis system that we have developed for the analysis of the
autoradiogram is based on an Olympus BH microscope with video camera option
coupled to a conventional ASACA 700-BU NTSC video camera. A variable light
source allows the image brightness to be placed within the range of the video
system grey scale. The video image is converted by a Tecmar Video Van Gogh video
digitizer to a 256 level grey scale. Horizontal and vertical resolutions are 256
x 256 picture elements. The digitized image is stored en an IBM AT equivalent
personal computer.

A computer program has been developed for rapid quantitative analysis of the
spheroid autoradiogram. Eight points on the perimeter of the image of a spheroid
were selected by the operator. Using these points the analysis program derived
the locus of the center and the radius of the object. The operator then
specified the number of annular regions to be analyzed in the object. The
program calculated the inner and outer radii for the annular regions and examined
each picture element in the reg'jiis. The average optical density of each annulus
was calculated from the grey level information in the picture elements belonging
to that region. The program also allowed the optical density versus radial
distance to be plotted or listed.

RESULTS

COMPARISON WITH EXPERIMENTAL UPTAKES

In order to allow for possible saturation of binding sites, Go was
introduced so that neither G^r.t^ nor G2(r,t2) would exceed Go. Although
spheroids are heterogeneous in structure, Go was assumed to be constant and to be
independent of r because detailed variation of Go with r was not available. The
number of binding sites for MoAb 96.5 per CaCL 73-36 melanoma cell (12) is of the
order 2 x 105- There are approximately 108 cells per ml in the melanoma
spheroids. Therefore, Go was of the order 3 x 10~

8 M.

Table 1 shows the optimal values of Kf,Kr and D which give minimum reduced
chi-square values to any one of the three sets of experimental data (brief
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washing, 1 hour washing and 24 hours washing) for Ab valence n-1 according to the
2DE model. Table 2 shows the corresponding optimal values of the parameters for
n-2. The reduced chi-square value is defined as the ratio of chi-square value X2

to the degree of freedom. A good fit of a model to data should have reduced X2

approximately equal to one.

In Tables 1 and 2 the values of X2 do not vary more than 10% over a wide
range of D values from 1.0 x 10~5 to 1.0 x 10~9 cm2. K£ is more dominant than Kr
during incubation with MoAb and vice versa during washing without MoAb.
Therefore, it is logical to form a set of parameters using the published values
(13) of D, Kf estimated from experimental brief washing data, and Kr from
experimental 24 hour washing data as the optimal solution. From the above tables,
the optimal values of the parameters are :

For n-1
Kf-8.8 x 108 (1/Mh)
Kr-0.073 (cm

2/h)
D-8.28 x 10~s (cma/h)

For n-2
Kf-9.8 x 108 (1/Mh)
Kr-0.064 (cm

2/h)
D-8.28 x 10'5 (cmyh)

The last row of entries in either Table 1 or Table 2 gives the reduced X2

values of fitting based on the optimal solutions.

Table 1

Values of Kj, Kr and D for n-1 in the 2DE models for different
reduced chi-square values X2 of fitting

Kf - 8.8 x 108 (1/Mh)
Kr - 0.9 (m2/h)
D - 1 x 10"7 (cm2/h)

Kf - 1.0 x 109 (1/Mh)
Kr - 0.82 (cn2/h)
D - 2.8 x 10~8 (cm2/h)

Kf - 1.5 x 109 (1/Mh)
Kr - 0.073 (cm2/h)
D - 4.6 x 10~9 (cm2/h)

Kf - 8.8 x 108 (1/Mh)
Kr - 0.073 (cm2/h)
D - 8.28 x 10'5

(cm2/h)

Brief washing

0.33
(absolute
minimum)

0.40

4.64

1.29

i

1 hour washing

12.04

10.73
(absolute
minimum)

265.84

173.22

24 hour washing

17.83

17.56

0.67
(absolute
minimum)

1.98
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Table 2

Values KfI Kr and D for n-2 in the 2DE model for different reduced
chi-square values X2 of fitting

Kf - 9.8 x 10
8 (1/Mh)

Kr - 0.9 (cm
2/h)

D - 1.9 x 10"8 (cnZ/hj

Kf - 1.2 x 10
9 (1/Mh)

K,. - 0.9 (cm2/h)
D - 1.4 x 10"8 (cnjZ/hj

Kf - 1.2 x 10
9 (1/Mh)

Kr - 0.064 (cm
2/h)

D - 1.7 x ID"8 (c^/h)

Kf - 9.8 x 10
8 (1/Mh)

Kr - 0.064 (cm
2/h)

D - 8.28 x 10"5

(cm2/h)

Brief washing

0.30
(absolute
minimum)

0.73

1.49

1.49

1 hour washing

13.13

11.96
(absolute
minimum)

228.9

191.64

24 hour washing

32.84

31.94

0.70
(absolute
minimum)

3.76

Table 3 shows the optimal values of K£,Kr, Kd and D which give minimum
reduced X2 values to any one of the three sets of experimental data for n—1
according to the 3DE model.

Table 3

Values Kf, Kr Kd and D for n-1 in the 3DE model for different reduced
chi-square values X2 of fitting

Kf - 9.1 x 10
8 (1/Mh)

Kr - 0.9 (cm
2/h)

D - 2.8 x 10'9 (cm2/h)
Kd - 1 X lO'8 (c^/h)

Kf - 1.3 x 10
9 (1/Mh)

Kr - 0.9 (cm
2/h)

D - 4.6 x lO-8 (cmZ/h)
Kd - 1 x 10'

8 (cm/h)

Kf - 1.3 x 10
9 (1/Mh)

Kr - 0.061 (cm
2/h)

D - 8.2 x lO"8 (cm2/h)
Kj - 1 x 10'8 (cm2/h)

Kf - 9.1 x 10
8 (1/Mh)

K, - 0.061 (cm2/h)
D - 8.28 x 10"5 (cmz/h)
Kd - 1 x 10"

8 (cm2/h)

Brief washing

0.42
(absolute
minimum)

1.72

4.91

2.01

1 hour washing

18.93

15.74
(absolute
minimum)

371.15

284.09

24 hour washing

27,18

25.56

1.01
(absolute
minimum)

3.55
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Table 4 shows the corresponding optimal values of the parameters for n-2.

Table 4

Values Kf, Kr K,, and D for n-2 in the 3DE model for different reduced
chi-square values X2 of fitting

Kf - 1.0 x 10
9 (1/Mh)

Kr - 0.59 (cm
2/h)

D - 1 x 10'® (cm2/h)
Kd - 1 x 10'® (cm

2/h)

K£ - 1.8 x 10
9 (1/Mh)

Kr - 0.035 (cm
2/h)

D - 1 x 10"7 (cm2/h)
K j - 1 x 10'® (cm/h)

K£ - 1.0 x 10
9 (1/Mh)

Kr - 0.037 (cm
z/h)

D - 8.2 x 10'® (cm2/h)
Kd - 1 x 10'® (cm

2/h)

Kf - 1.0 x 109 (1/Mh)
Kr - 0.037 (cm

z/h)
D - 8.28 x 10"5 (cm2/h)
Kd - 1 x 10'® (cm

2/h)

Brief washing

24.79
(absolute
minimum)

24.87

26.32

32.47

1 hour washing

41.12

41.01
(absolute
minimum)

50.32

55.27

24 hour washing

29.78

30.44

3.26
(absolute
minimum)

5.86

Similar to the 2DE model, the optimal values of the parameters recommended
for the brief washing data and the 24 hour wash data are:

For n-1
Kf-9.1 x 108 (1/Mh)
Kr-0.061 (cm

2/h)
D-8.28 x 10'5 (cmz/h)
Kd-1 x 10'® (cm

2/h)

For n-2
Kf-1.0 x 108 (1/Mh)
Kr-O.O37 (cm

2/h)
D-8.28 x 10"3 (cin2/h)
Kd-1 x 10'® (cm

2/h)

The last row of entries in either Table 3 or Table 4 gives the reduced X2

values of fitting based on the optimal solutions.

Figure 1 compares experimental uptakes of MoAb 96.5 by the melanoma
spheroids after brief washing with the calculated uptakes based on the optimal
values of the parameters in the 2DE model or the 3DE model. The calculated
uptakes based on our previously proposed simple model with Go-3xl0"®M,
Kj-1.32x10^' 1h"1, and D~ 7.92xl0"5 cm2 h'1 are also plotted in the figure. Only
the 3DE model with n—2 does not agree with the experimental results. The
discrepancy is reflected by the large reduced chi-square value of 32.47 in Table
4.
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Figure 1. Comparison of experimental total uptake (o) with prediction of various
mathematical models for brief washing case. C2 — 1.429 x 10"

9 M,
Go - 3 x 10"

8 M and corresponding physical constants which give
minimum reduced X2 in each model were. used. SM stands for the simple
model.

Figure 2 compares experimental uptakes of the MoAb by the melanoma spheroids
after one hour washing with the calculated uptakes based on the optimal values of
the parameters in the three mathematical models. In the simple model the optimal
values of Kf and D are respectively 2.4 x 10

8 M^tT1 and 1.26 x 10"5 cnrV1. None
of the models fit the experimental data well enough. The models predict
•"-urat-.ion uptakes before the 15th hour of incubation, while the experimental

data do not show any saturation uptake in 24 hours of incubation. The reduced X2

values of fit are greater than 55.

84



EXP n=1
2DE 3DE

n=2
2DE

SM n=2
3DE

I
<

Q.

160

120 -

80 -

40 -

0

/

- /

/ y- / /

I0
K

/

/ T I
1

O

i

o 10 15 2O 25

INCUBATION TIME WITH Ab (HOUR)

Figure 2. Comparison of experimental total uptake (o) with prediction of
various mathematical models for 1 hour washing case.
C: = 1.429 x 10'

9 M, Go = 3 x 10'
8 M and corresponding physical

constants which give minimum reduced X2 in each model were used.
SM stands for the simple model.

Figure 3 compares experimental uptakes of the MoAb by the spheroids with the
calculated uptakes based on the optimal values of the parameters in the three
models. Twenty-four hour washing of the spheroids was performed after each of
the incubation periods with the MoAb. In the simple model the optimal values of
Kf ar.d D are respectively 1.8ylO

8 M'V 1 and 1.08 x 10"6cm2h"1. The 2DE model with
n equal to 1 and the 3DE model with n equal to 1 or 2 fit the experimental data
reasonably well. However, the 2DE model with n equal to 2 underestimates the
uptakes at incubation times longer than 1 h. The simple model does not predict
saturation uptake in 24h of Ab incubation.
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Figure 3. Comparison of experimental total uptake (o) with prediction of
various mathematical models for 24 hour washing case. C1 — 1.429 x
10~9 M, Go — 3 x 10"

8 M and corresponding physical constants which
give minimum reduced X2 in each model were used,
simple model.

SM stands for the

Considering the three sets of experimental data together, the 2DE and the
3DE models with n=l fit the data better than (a) the same models with n-2, and
(b) the simple model without saturation of binding sites. Furthermore,'the 2DE
model givei: smoother radial distributions Lx, Blf L2, and B2 than the 3DE model
(data not shown). Characteristics of the 2DE model with n=l are further studied,
in the next two sections.
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COMPARISON OF THE 2DE MODEL WITH QUANTITATIVE AUTORADIOGRAPHY

Figure 4 represents an example of the variation of optical density with
radial distance in the autoradiogram of a melanoma spheroid. For this particular
example, the spheroid was incubated with 1Z5I-labeled 96.5 for 8 hours and then
briefly washed with PBS before being frozen for autoradiography. Since the
radius of the spheroid wais about 150 pin, the positive optical density values
beyond the radius could partly be attributed to the absorption of low-energy
X-rays of 125I by the autoradiographic emulsion.
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Figure 4.

RADIAL DISTANCE ( MICRON )

Radial distribution of optical density in the autoradiogram of a
melanoma spheriod which had been incubated with 125I-labeled 96.5 for
8h. Radius of the spheroid - 150/im.

If calibration standards of autoradiography correlating optical density and
total concentration of 1ZS I-labeled 96.5 are available, then Fig.4 will yield a
radial distribution of 1Z5 I-labeled 96.5 in the spheroid. Conversely, if the
radial distribution is known from mathematical modeling, then the calibration
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curve can be derived. Figure 5 presents the calibration curves for spheroids
which had been incubated with 125I-labeled 96.5 for lh, 4h, or 8h. Brief washing
of the spheroids was assumed. The 2DE model with n, Kf, Kr, and D equal to 1,
8.8 x 108 M"1 h'\ 0.073 cm2 h~\ and 8.28 x 10"5 cm2 h"1 respectively, was used for
calculating the radial distribution of the labeled MoAb. Good qualitative
agreement with some published calibration curves of autoradiography is obtained
(14). This provides an indirect check on the validity of the mathematical model.

o 1h+BW A 4h+BW • 8h+BW

I
_J
<

o
Q.

o

i.OO
1E-14 1E-13 1E-12 1E-11 1E-1O 1E-09 1E-08 1E-07

CONCENTRATION (M)

Figure 5. Calibration standard curves for radiolabeled antibody for incubation
times of lh, 4h, and 8h followed by brief washing. Optical density
data obtained from experiment and concentration of the total uptake
of the antibody from the 2DE model with binding valency of 1.
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PREDICTION OF THE 2DE MODEL

Effect of Ab Concentration in Incubation Medium

The effect of Ab concentration Cx in the incubation medium of the melanoma
spheroids over the range of 2 x 10"nM to 5 x 10"8M on the radial distributions of
free and bound Ab in the spheroids was investigated by means of the 2DE model.
With n-1, Kf - 8.8 x 10

8 M"1 h"1. Kr - 0.073 cmV
1, D - 8.28 x 10'5 c m V 1 (i.e. the

optimal values of the parameters as given in Table 1), and Go - 3xlO"
8M, Lx and Bx

were calculated for tx ranging from 1 to 24h and washing period t2 equal to 5
seconds. Figure 6 shows that the fraction of antigen binding site bound with Ab,
Bi/Go> increases exponentially with radial distance at tx - 1 h for Cx equal to
2xlO"uM, 1x10"^, or 5xlO"8M. Furthermore, the fraction also increases with Cl,
although not in a linear manner. However, the dependence of the fraction on Cx
becomes weaker at greater tx values. At tt equal to 24h, Bx/Go is practically
independent of Cx (data not shown). Over the same range of Cx from 2xl0"

11M to
•ixlO"8M, Lx has a direct proportional relationship with Cx for t: ranging from 1
to 24h (data not shown). Therefore, LJ/CJ^ is independent of Cx.
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Figure 6. Theoretical radial distributions of the fraction of antigen bound
with Ab after lh incubation at extra-spheroid concentration of Ab
equal to 2E-11M (+), 1E-9M (A), or 5E-8M(o) followed by brief
washing.
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Effect of Concentration of Binding Sites

The effect of the concentration of available binding sites, Go, over the
range of 1x10"^ to 9xl0"7M on Lx and Bx in the spheroids was also investigated by
means of the 2DE model. With Cx equal to lxlO"

9!! and the same set of values for
n, Kf, Kr, and D as in the last section, it was found that both Lx and the
fraction of antigen binding site bound with Ab, Bi/Go, are independent of Go for
t2 ranging from 1 to 24h (data not shown).

Effect of Washing

Figures 7 and 8 illustrate the effect of washing on the unbound, bound and
total antibody concentrations in the spheroid after the same lh incubation period
between ths spheroid and the antibody outside the spheroid. The optimal
parameter values as given in the last row of entries in Table 1 were used. The
concentration of Ab outside the spheroid during the uptake phase was assumed to
be 1x10"^. Go was taken to be 3xl0*

8M. Brief washing resulted in a bound Ab
concentration about 10 fold as great as the unbound concentration everywhere
inside the spheroid. A 24h washing period, however, reduced the free antibody
concentration to practically zero in the outer half of the spheroid. Because of
the reversible nature of the binding between the Ab and the Ag, the bound
concentration was also reduced by approximately a factor of 3 by the long washing
period. Near the centre of the spheroid, the unbound Ab concentration was at
least 2 orders of magnitude greater than the bound concentration. It took
considerable amount of time for the unbound Ab at the centre to diffuse outward.
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Figure 7. Theoretical radial distributions of total (o), bound B (A) and
unbound antibody Lx (V) concentrations for 1 hour incubation with
antibody followed by brief washing without antibody. The
concentrations are expressed as ratios of the extraspheroid antibody
concentration during the uptake period.
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Figure 8. Theoretical radial distributions of total (o), bound B (A) and
unbound antibody Lx (V) concentrations for 1 hour incubation with
antibody followed by 24 hour washing without antibody.1924XThe
intraspheroid concentrations are expressed as ratios of the
extraspheroid antibody concentration during the uptake period.

CONCLUSION

A mathematical model describing the uptake kinetics of antitumer antibodies
in multicell spheroids which mimic free floating micrometastases was presented in
this work. The physical processes of diffusion, binding, dissoc5.ation, and
shedding of the antibodies were incorporated. Furthermore, the number of binding
sites was finite and therefore saturable. On comparing the model with
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experimental uptake kinetics data of a monoclonal antibody with high affinity for
human melanoma spheroids, reasonably good agreement was obtained for the cases of
brief washing and long (24h) washing of the spheroids after different incubation
periods of the spheroids with the antibody. Agreement between the model and
experimental data for the case of lh washing was not satisfactory. Reasons for
the discrepancy are unclear and deserve further investigation. A mathematical
model of this nature should be tested against more experimental data, preferably
micrometastases removed from ascitic fluid of patients undergoing imaging or
therapy trials of radiolabelled antibodies, before it can be refined further for
the purpose of treatment planning of radioimmunotherapy.

APPENDIX

The mathematical models were both written in FORTRAN and run on a VAX
machine. Several routines in the IMSL library were used in the numerical
methods. They include MOLCH, CSAKM, CSVAL and CSITG. MOLCH solves the partial
differential equation system with specified initial and boundary conditions using
the method of lines with cubic Hermite polynomials. CSAKM computes the Akima
cubic spline interpolant to a set of data points d(computes the radial
distribution of bound and unbound cone, of uptake). CSVAL evaluates a cubic
spline at a given point (evaluates cone, of bound and unbound uptake at a given
radial distance). CSITG evaluates the integral of a cubic spline over an interval
(i.e. calculates concentrations of bound and unbound uptake over the whole
spheroid).
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RADIATION ABSORBED DOSE AND TUMOR RESPONSE DURING THERAPY WITH
IODINE-131 CONJUGATED 3F8 MONOCLONAL ANTIBODY

Cheung N-KV, Pentlow K, Graham MC,
Yeh SJ, Finn RD and Larson SM

Memorial Sloan-Kettering Cancer Center
New York, NY 10021

ABSTRACT

Optimal radioimmunotherapy (RIT) using murine antibody 3F8 against
ganglioside GD2 in human neuroblastoma (NB) requires accurate measurement of
radiation dose to tumor and normal organs. After intravenous (iv) injection of
131I-3F8 into nude mice xenografted with NB, serial planar gamma imaging and
direct tumor size measurement provided tumor radioactivity uptake estimates
(/iCi/g) over time. Since the density of GD2 antigen in NB was high (5xlO

6

molecules per cell), a large amount of antibody was needed to saturate all
binding sites. A clear dose response was observed between 6.25 to 50 mCi/kg body
wt of 131I-3F8. The higher the administered activity, the more rapid and
significant the shrinkage. The radiation absorbed dose for each individual tumor
was calculated. Tumors that received >4200 rads were completely eradicated. The
duration of tumor response was related to the radiation dose. The anti-tumor
effect of 6-50 mCi/kg of iv 131I-3F8 was superior to single-fraction external
beam radiation (250-1750 rads). The estimated tumor radiation dose was 150-200
rads/mCi/kg, while blood dose was 30-60 rads/niCi/kg. In patient studies, the
calculated tumor radiation dose based on planar imaging, positron emission
tomography(PET), as well as tissue biopsy was similar to the values estimated by
animal experiments. The lack of organ toxicity (other than marrow and thyroid)
was reproduced in clinical trials. We conclude that for 3F8 and NB, the athymic
rodent xenograft model has provided a reasonable estimate of the radiation dose,
in vivo tumor dose response, as well as the toxicity encountered during RIT.

INTRODUCTION

Athymic animals are useful models for testing tumor targeting by monoclonal
antibodies. Besides the qualitative analysis of tumor imaging, quantitative
information on tissue distribution, tumor uptake, pharmacokinetics and the
calculated radiation absorbed dose have provided useful preclinical information.
While the xenograft model does not guarantee success in human trials, the failure
to target successfully (both for diagnosis and therapy) is likely to translate
into clinical insignificance. We have used the human neuroblastoma xenograft
model to study radioimmunotherapy. Neuroblastoma is a radiosensitive tumor and
in vitro has been shown to lack radiation repair. GD2, the target antigen, and
3F8, the specific monoclonal antibody, have unique properties.
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UNIQUE PROPERTIES OF GD2:

1. GD2 is present at high concentrations in human neuroblastoma (5-10 x 10
6

molecules per cell). (1)
2. It is not expressed by most normal tissues. However, it is found in neurons
(protected by the blood-brain barrier) (2), some nerve fibers, and some lympho-
cytes in lymphoid follicles (3).
3. Although it can circulate in the patients' serum, it does not interfere with
the biodistribution of the monoclonal antibody 3F8 (4).
4. It is not modulated from cell surface upon binding to 3F8 (3).
5. It is a glycolipid antigen, and unlike immunoglobulin idiotopes, is not prone
to mutations in its structure.
6. It is expressed homogeneously in human neuroblastoma, with relatively little
heterogeneity within tumors, and among patients.

UNIQUE PROPERTIES OF THE MONOCLONAL ANTIBODY 3F8:

1. It activates human complement (5).
2. It mediates efficient antibody-dependent cell mediated cytotoxicity in
presence of human lymphocytes (6), granulocytes (7) and activated mono -
cyte/macrophages (8).
3. It is not trapped by the human or rodent reticuloendothelial system (4).
4. It can be radio-iodinated ( m I, 125I or 12*I) with retention of immunoreac-
tivity.
5. It penetrates neuroblastomas well in xenografts and in patients (4,9).
6. It has a long enough biological half-life (48 hours) in patients for optimal
tumor localization.
7. It has no long term toxicity when administered intravenously to patients,
although pain, fever and urticaria are significant acute side effects (10).

We want to determine the dose response of human neuroblastoma xenografts to
131I-3F8 before initiating patient studies. Unlabelled 3F8 has no anti-tumors
activity against neuroblastoma in athymic mice. We have used fresh tmman tumors
of limited passage and not cell lines in order to avoid properties that are
introduced into tumor cells after repeated in vitro or in vivo propagation. We
want to determine the tumor uptake over time, the relationship of tumor uptake of
MoAb and body size, and the calculated radiation absorbed dose. Although ths
radiation dose measured by microdosimeters is accurate, it cannot be representa-
tive of the bulk of the tumor. Using this xenograft model, the relationships
between the radiation dose and mCi/g tumor, as well as mCi/kg mouse are estimat-
ed. The biologic effects of the MoAb are correlated with the calculated absorbed
dose. These effects are compared to those achieved by external beam radiation.

IODINATION OF ANTIBODY 3F8

3F8 is purified by protein A affinity column and stored frozen at -70°C in
0.3 M sodium phosphate buffer, pH 7.5 (Buffer). Three hundred \il of 3F8 is mixed
with 4 mCi of Iodine-131 (Amersham Corp, Arlington Heights, IL) in 300 p.\ of
Buffer. Twenty /il of a 2.5 mg/ml of chloramine T (Sigma Chemical Co., St. Louis,
MO) in Buffer is added and allowed to react at room temperature for 3 minutes.
Forty /il of a 5 mg/ml of sodium metabisulfite (Sigma Co.) in Buffer is added to
neutralize excess oxidizing agent for 2 minutes. Five per cent human serum
albumin in phosphate buffered saline (PBS) is added and free iodine is removed
employing anion exchange resin Agl-X8 (Biorad Laboratories, Richmond CA) and the
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131I-3F8 is sterilized by millipore filtering. 131I-3F3 is more than 95% precipi-
table by 10% trichloracetic acid. It retains more tnan 60% immunoreactivity and
averages 5-10 fiCi/ng 3F8.

DOSIMETRY OF mI-3F8 IN HUMAN XENOGRAFTS IN NUDE MICE (9,11)

Human tumors are passaged in athymic nude mice. For some tumors, single
cells (2-5 x 106 cells) are mixed with Madrigel (Collaborative Research Inc.,
Bedford, MA) in equal volumes (0.2 cc) and planted subcutaneously in the flanks
of animals. Palpable tumors are usually evident in 6 weeks. Forty-eight hours
after intravenous injection of 131I-3F8, tumor localization was obvious in
different neuroblastomas (Figures 1A-D, established from patients; Figures IE and
IF from cell lines LAN-1 and NMB, respectively.)

Figure 1. Imaging of different neuroblastoma xenografts in athymic mice.
(Reprinted from J Nucl Med 28:1580, 1987.)

CORRELATION OF TUMOR WEIGHT WITH EXTERNALLY MEASURED TUMOR DIMENSIONS

In order to quantify tumor shrinkage without excising the tumor, we measure
the three maximal diameters (A, B and C in cm) of each subcutaneous tumor and
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calculate their volume using the formula, Tumor volume (cc) - (1/6) n A B C. To
validate this method of quantisation, 45 human neuroblastoma xenografts were
measured and then excised. In this study the actual weights of tumors correlated
well (R - 0.985) with their calculated volumes (Figure 2).
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Y = 0.024 + 0.940 X

R = 0.SB5

P < 0.01

1 2 3 4 5 6
VOL OF TUMOR BY
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Figure 2. Actual tumor weights correlated
well with linear tumor measurements.

TUMOR UPTAKE:
COUNTING

COMPARISON OF MEASUREMENTS BY PINHOLE CAMERA AND BY DIRECT

To measure tumor uptake (/jCi/g at time t) without excising the tumor, mice
were scanned at a fixed distance cf 5 cm under a gamma camera equipped with a
pin-hole collimator. Tumors were outlined as regions of interest and activities
calculated using a known 131I standard. Phantoms were constructed using cryovi-
als (cylinders) containing 131I-3F8. Using phantoms, radioactivity (1 to 250
,t»Ci) measured by scintigraphy correlated well (R - 0.9999, and p<0.0001) with
that measured by a dose calibrator. In some experiments, xenografted tumors were
excised after imaging with a gamma camera. Their radioactivity measured by the
dose calibrator correlated well with the gamma camera estimations. Based on the
measured size of the tumor, the radioactivity (in /iCi/g) in the tumor was
calculated.
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KINETICS OF TUMOR 131I-3F8 UPTAKE AND TUMOR TO NONTUMOR RATIOS

An accurate measurement of the % injected dose per gram tumor allows
radiation dose to the tumor to be calculated. It is a function of antigen
density, injected dose of 3F8 and time for antibody biodistribution to reach
equilibrium. For example, a large tumor and a small amount of 131I-3F8 will give
a suboptimal measurement of % ID/g. A partially saturating amount of 3F8 should
ideally be used if the maximal %ID/g is to be estimated. For 3F8, when 0.2 g
tumor is present, at least 100 jig of antibody is needed. Groups of mice were
injected intravenously with 50 fid of 131I-3F8, and sacrificed 24, 48 and 96
hours for biodistribution studies (Figure 3). The same patient neuroblastoma
xenograft was chosen for both biodistribution as well as therapy studies. While
the tumor effective half-life was 86 hr, all the other organs (except 29 hr for
the brain) had a rapid initial washout with effective half-lives of <20 hr.
After 48 hr following MoAb injection, both tumor and normal organs had similar
decay half-times of about 60 hr. The tumor to nontumor tissue ratios (Figure 4)
improved during the first 2 days after MoAb injection.

RELATIONSHIP OF PERCENT INJECTED DOSE PER GRAM, TUMOR SIZE, AND BODY SIZE

Twenty-four hours after injection with 131I-3F8, tumor uptake (% injected
dose per gram) was measured. When the %ID/g was plotted against the tumor weight
in mg (Figure 5), a negative correlation was obtained. Similar inverse relation-
ships were observed when radioactivity uptake was analyzed at 48 and 96 hr after
injection. There are several explanations: 1) penetration by 3F8 is limited by
the physical distance, outward interstitial fluid pressures, and poor vascularity
in large tumors and 2) the. 125 fig of 3F8 used in these studies is inadequate to
saturate the antigen present in the large (>0.5 g) tumors (i.e. >2% tumor bulk).

For tumors of equal size, the % ID/g is also a function of the body weight
of the animal. This is because at equilibrium, the volume of normal organs that
the MoAb will perfuse is proportional to body size. For example, for xenograft
in nude mice, if the tumor % ID/g — 40, it will become 4 in rats, since the rat
is 10-fold bigger than the mouse. For a 12.5 kg child (500-fold bigger than a
mouse), it will be 0.08% ID/g. These predictions can be verified when neuroblas-
tomas are studied in athymic rats and in patients.

99



o
o

w
CO i n
CO 1 U

o

i
Q

2
o

1.0

0.1

TUMOR

BLOOD

LUNG
SKIN
SPLEEN

KIDNEY
HEART

STERNUM
BONE

MUSCLE
SB
LB

BRAIN

0 24 48 72 96 120
HRS AFTER MAB INJECTION

100

O

o
o 10

QCo

BRAIN

1 BOWEL
•MUSCLE
• S BOWEL

BONE
TERNUM

LIVER
HEART
KIDNEY
STOMACH
SPLEEN
SKIN
LUNG

BLOOD

0 24 48 72 96 120
HRS AFTER MAB INJECTION

Figure 3. Kinetics of /iCi/g tumor uptake. Figure 4. Kinetics of tumor to non-tumor ratio.



i

PE
R

D
O

S
E

Q
UJ

IN
JE

C
1

P
E

R
C

E
N

T

60

50

40

30

20

10

0
0.1 1.0 10

WEIGHT OF TUMOR (gm)

Figure 5. Percent ID/g in tumor
correlated negatively with tumor
weight. (Reprinted from J Nucl
Med 28:1581, 1987)

RADIATION ABSORBED DOSE AND TUMOR RESPONSE

RADIATION ABSORBED DOSE CALCULATED BY SERIAL IMAGING

Calculation of the radiation dose was based on the assumptions of a uniform
distribution of the radioactivity in the tumor tissues and the conversion
equation:

Idose (rad) =0.38 C(t) dt

where C is the microcurie per gram at time t. Only the beta radiation dose was
considered since the gamma contribution was small in comparison. Based on these
kinetic measurements (Figure 6), the radiation absorbed dose is 150 rad/mCi/kg
for large tumors (10 g), 300 rad/mCi/kg for small tumors (100 mg) and 225
rad/mCi/kg for tumors) 0.5 g in size.
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THE RATE OF TUMOR SHRINKAGE VERSUS ADMINISTERED DOSE OF 131I-3F8

Mice bearing established neuroblastoma xenografts (0.45-2 cm3 in size) were
injected intravenously with 131I-3F8. Those receiving 1 mCi MoAb have faster
tumor shrinkage than those receiving lower doses (e.g. 0.5 mCi) (Figures 7-8).
Figure 9 summarizes the response of tumors to saline, 0.5 mCi of 131I-control
IgG3, nonradioactive 3F8, 0.125, 0.5 and 1 mCi of

 131I-3F8. In contrast to other
antibodies against GD,, nonradioactive 3F8 has no anti tumor activity against
established tumors. I-control IgG3 caused a growth delay for 5 days, but no
tumor shrinkage. This finding should caution investigators who study efficacy of
radiolabeled MoAb using growth delay as the endpoint in xenograft models. A
representative mouse in control group on days 0, 7 and 14 is shown in Figures
10A-C, respectively. Figures 11A-C illustrate a representative mouse in the 0.5
mCi 131I-3F8 group that demonstrated tumor shrinkage. The gamma images of this
mouse 1, 3, and 7 days after MoAb injection are shown in Figures 12A-C.

Figure 10. Rapid tumor growth in a control mouse. (Reprinted from JNCI 77:745,
1986.)
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A

Figure 11. Tumor response in mI-3F8 treated mouse. (Reprinted from JNCI
77:745, 1986.)

Figure 12. Gamma images of the mouse in Figure 11 on days 1, 3 and 7 after
injection. (Reprinted from JNCI 77:745, 1986.)

The radiation absorbed dose was calculated for each tumor that was treated
with 131I-3F8. It correlated (R = 0.97, P < 0.001) well with the mCi/g of tumor
(Figure 13). The radiation dose is also dependent on the size of the tumor since
the % ID/g uptake decreases with tumor size: e.g. for a 100 fig tumor, the peak
tumor uptake is 500 /iCi/g, and radiation absorbed dose is 8400 rads; for a 1 g
tumor, 200 fid/g and 4200 rads; and for a 10 g tumor, 80 pCi/g and 2000 rads,
respectively.
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THE DUBATION OF REMISSION IS PROPORTIONAL TO THE CALCULATED TUMOR DOSE

The rate of tumor shrinkage is directly related to radiation absorbed dose.
Moreover, the remission duration (time to tumor progression), a measure of the
effectiveness of therapy, is also correlated with the calculated radiation dose
(Figure 14). Although the number of tumors analyzed was small, those tumors that
recurred invariably had a delivered dose of less than 3,900 rads, and those that
received more than 4,200 rads had complete shrinkage that persisted beyond the
short life span of the mice (Figure 15). Thus, 4200 rads appear to be the
threshold for permanent ablation. The accurate determination of the sterilizing
dose is important for therapy planning if this can be extrapolated to other
neuroblastomas and to patients.
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COMPARISON OF THE BIOLOGICAL EFFECT OF RADIOLABELED MOAB AND EXTERNAL BEAM
RADIATION ON THE TUMOR

In mice with established neuroblastoma xenografts, single fraction external
beam radiation was delivered to the tumor with the rest of the animal shielded.
As shown in Figure 16, preliminary data suggest that tumors which received
250 rads or higher demonstrated growth delays arid tumor shrinkage. However,
tumor ablation was seldom complete and regrowth was typical by 2 weeks after
treatment, even at doses of 1750 rads as single fractions. It can be argued that
the biologic effect of 131I-3F8 should (besides the direct tumor dose) include
the gamma radiation dose from blood and surrounding tissues. However, at 25
mCi/kg of 131I-3F8, this is less than 20% of the tumor dose.

The toxicity of 13:I-3F8 was primarily due to the blood arid total-body dose.
All the mice treated with 0.5 or 1.0 mCi lost up to 20% of their body weight
during the first 20 days of their study. This weight loss was self- limited. At
doses of 0.5 mCi or less, autopsy and necropsy of treated mice at one or more
months after Moab injection did not show detectable radiation damage to any of
the vital organs (i.e. lung, liver, gastrointestinal tract, spleen lymphoid
tissues, heart, bladder, brain, spinal cord, ovaries and bone marrow). At higher
doses, radiation damage became clinically (e.g. petechiae) and histologically
evident.

CONTROL

250R
500R

7 75O-1OOOR

1250-1500R

<2

1750R

10 20 30

NUMBER OF DAYS AFTER RADIATION

Figure 16. Tumor shrinkage by external gamma irradiation.
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IN VIVO QUANTITATIVE IMAGING OF IODINE LABELED 3F8

In vivo measurements of antibodies such as 131I-3F8 in patients are usually
made with gamma cameras (planar imaging) or single photon emission computed
tomography (SPECT). There are, however, recognized limitations to performing
accurate quantitation with these methods, due to factors such as varying amounts
of activity in overlying tissues in the case of planar imaging, and low sensitiv-
ity and difficulties in implementing accurate attenuation and scatter corrections
in the case of SPECT. Positron emission tomography (PET) has been shown to
overcome some of these limitations in other applications and it was therefore
decided to use PET to address the problem of quantitative imaging of iodine
labeled antibodies. The only positron emitting nuclide of iodine with a suitable
half-life to permit measurements over several days appeared to be 12'I (half-life
4.2 days). Unfortunately, the positron abundance is only 25% and the decay
scheme includes many high energy gamma rays, some to them in cascade with the
positron emissions. By means of phantom and animal measurements, however, we
were able to show that quantitative imaging of 12t<I with PET was possible (12).
The measurements summarized below were made using a Cyclotron Corporation PC4600
scanner, a 5 ring neurological system using discrete BGO crystals, but comparable
results were obtained in preliminary measurements on an number of other scanners
(13).

PHANTOM MEASUREMENTS WITH 1Z4I AND PET

Spatial resolution was investigated by imaging a line source within a 20 cm
polystyrene phantom. Using imaging and reconstruction techniques similar to
those that would be used for a patient, the resolution was found to be 13.5 mm
FWHM for 124I compared with 12 mm FWHM for 18F, a "conventional" PET imaging
nuclide.

Using a similar phantom with cylindrical inserts containing different
concentrations of radioactivity, regional linearity of counts versus activity,
i.e. observed counts in a region versus activity concentration in that region in
the presence of varying amounts of activity elsewhere in the field of view, was
found to be excellent over a 10:1 activity range (0.4 - 4.0 /iCi/ml of I,
typical for monoclonal antibodies). !

In order to simulate activity distributions more likely found with
antibodies in vivo, imaging was carried out with a 22 cm diameter phantom
containing spheres of different sizes (0.5 - 20 cm3), with various activities in
the spheres and in the surrounding volume (background). For all but the smallest
spheres, which were smaller than the resolution of the scanner, the contribution
to the counts from the surrounding activity was small.

ANIMAL MEASUREMENTS WITH m I AND PET

Using essentially the same procedure described earlier for radiolabeling
with 131I, 3F8 was labeled with 12<II. Using the athymic rat model, tumor dose
estimation in neuroblastoma xenograft was tested. Athymic rats were used because
of their size (approximately 250 g instead of 25 g in the mouse). Although the
number of observations was limited, reasonable agreement was observed between
image-derived concentrations and excised tumor dose calibrator measurements. For
large tumors (4 g) agreement was within 11%. For tumors smaller than the
resolution of the scanner, the tumor dose measurements differed by a factor of 2
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but are consistent with the partial volume effects to be expected. Sased on both
planar as well as PET imaging, the ID/g in neuroblastoma in rats is approximately
4%.

QUANTITATION OF 131I-3F8 UPTAKE IN PATIENTS

ESTIMATION OF TISSUE RADIOACTIVITY UPTAKE IN PATIENTS (4,14)

Direct measurement of excised normal organs and tissues is not usually
possible with patients, one reason for the importance of the xenograft model.
However, in one case we were able to obtain such data from a patient who died of
progressive disease 4 days after intravenous injection of 131I-3F8. The tumor to
non-tumor ratios were generally similar to those found in the xenograft model
(Table 1).

Tumor uptake of 131I-3F8 measured by biopsies was comparable to estimations
by planar and PET imaging. It also agreed with extrapolations from animal
studies. The peak tumor uptake in % ID/g was 0.04 to 0.12%, 24 hours after
intravenous injection. Kinetic measurements of tumor uptake was also possible by
PET imaging. Dose calculations can now be correlated with or used to predict
tumor response. The estimated radiation dose to tumor is 150-300 rads/mCi/kg of
131I-3F8.

Table 1

Tumor to non-tumor ratio, 96 h after 131I-3F8 injection

Radiosensitive Organs

Marrow

Spleen

Blood

Ovaries

Uterus

23

15

13

10

10

Iodine Reservoirs

Kidney

Stomach

Bladder

13

6

6

Other Organs

Heart

Small Bowel

Liver

Spinal Cord

Large Bowel

Muscle

Lung

Bone

Adrenal

23

23

20

18

17

13

11

10

7

THERAPEUTIC STUDIES IN PATIENTS

Nine patients with refractory NB (seven with soft tissues masses, four with
bone marrow disease) were treated with intravenous I-131-3F8 (2-10 ;*Ci//ig 3F8) (4
at 6 mCi/kg; 3 at 8 mCi/kg; 2 at 12 mCi/kg) and oral saturated solution of
potassium iodide and/or oral potassium perchlorate. Five patients required
analgesics for pain control during antibody infusion. Three patients suffered
mild diarrhea. All nine patients developed pancytopenia (ANC < 500 and platelet
< 20,000) and hypoplastic marrow within 5 weeks of treatment. Seven of these
patients received autologous marrow reinfusion and 6 out of 6 evaluable patients
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had successful engraftment, although delayed. Objective responses among the nine
patients were: 1 good partial remission, 1 partial remission, 2 mixed responses,
and six with stable disease. Tumor responses were evident but incomplete as one
might expect based on the estimated tumor dose (12 x 150 rads/mCi/kg — 1800
rads). Higher doses will be necessary for tumor ablation. More patients are
being accrued to receive 16 32 mCi/kg.

CONCLUSION

The athymic rodent xenograft model has been convenient and useful in the
preclinical testing of MoAb 3F8. It has provided accurate estimates of the %
ID/g, pharmacokinetics, tumor to non-tumor ratios, radiation dose and dose
-response relationships that were partially verified in patient studies. The
mouse is an ideal model for RIT because nonradiolabled 3F8 mediates poorly, if at
all, complement dependent or leukocyte dependent tumor cytotoxicity. Thus its
radiobiologic toxicity and efficacy can be distinguished from its chemical (or
immunologic) properties. The selectivity and efficacy of RIT in the mouse model
has suggested the following: fast blood clearance and high tumor uptake are both
important. On the contrary, the use of chimeric or humanized antibodies with
very prolonged blood half-lives may degrade the tumor to non-tumor ratio and
damage normal tissues.

Nevertheless, the nude mouse xenograft model has limitations. The marrow
dose cannot be easily determined in general, irrespective of model. Moreover,
the radiosensitivity of murine marrow is different from that of man. Thus,
marrow dose cannot be easily measured and when measured may not be clinically
relevant. Clinical studies using 131I-3F8 and 12*I-3F8 may provide us with
estimates of dose and damage to marrow stem cells as well as the marrow microenv-
ironment.

While a subcutaneous tumor model is essential for measuring 131I-3F8 uptake
and tumor size, a more biologically relevant model is metastatic tumor. While
most animal and clinical studies have so far been dealing with immediate (or
short term) toxicities, long term follow-up are needed. These should include
chromosome or genetics studies to follow radiation damage to marrow cells,
lymphocytes, thyroid, and reproductive organs.
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ABSTRACT

The pharmacokinetics of two 131I or 125I labeled monoclonal antibodies have
been studied several times in two patients with adenocarcinoma. After i.v. or
i.p. administration, gamma camera imaging and tissue collection were performed.
The pharmacokinetics was dependent on the administration route and probably also
on the amount of antibody or on earlier antibody administrations. Estimated
absorbed dose to tumor for one of the patients would be 17 Gy after
administration of 30 GBq 131I for therapy. The mean absorbed dose in whole body
would be 5 mGy after an injection of 500 MBq 123I for diagnosis.

INTRODUCTION

Monoclonal antibodies (MAb) have been produced against the human colorectal
adenocarcinoma cell line Colo-205 (1,2), and epitopes have been characterized or
identified (3,4,5). In a recent study, the biokinetics of some of these
monoclonal antibodies have been followed in nude mice implanted with Colo-205
tumors (6). Two of the monoclonal antibodies, C-215 and C-245, exhibited the
highest tumor/blood and tumor/muscle ratios as well as high localization indices,
which also seemed to increase with time, indicating specific binding to the tumor
cells.

The aim of this study was to investigate the uptake, retention and dosiraetry
of the radioiodine-labeled monoclonal antibodies C-215 and C-245 in a limited
number of patients with adenocarcinoma. Such kinetic and dosimetric data is a
prerequisite for evaluating the possibility to use these monoclonal antibodies
for radioimmunoscintigraphy and radioimmunotherapy of larger groups of patients.

When given in large amounts, the two antibodies have also shown to promote
killing of human colon carcinoma cells transplanted on nude mice (2). There was
thus a future possibility for therapy by combining the effects of the antibody
itself with the effects of radiation.
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MATERIAL AND METHODS

MONOCLONAL ANTIBODIES, RADIOLABELING AND CHROMATOGRAPHY

The human adenocarcinoma cell line, Colo-205, was obtained from the American
Type Culture Collection (ATCC, Maryland, U.S.A.). The production of the
monoclonal antibodies C-215 and C-245, directed against Colo-205, has previously
been described (2,6). C-215 is directed against a protein epitope and C-245
against Lewisa antigen, both on Colo-205 cells. Both antibodies are of isotope
IgG2a. They have shown good binding properties in vitro to the Colo-205 cells
and varying binding properties to normal human tissue.

The monoclonal antibodies were labeled with 125I or 131I, using the
stationary-phase chloramine Iodogen (Pierce Chemical Company, Illinois, USA) (7).
The labeling procedure was carried out as described elsewhere (6), except that in
the present study the reaction was performed at room temperature and human serum
albumin (HSA) was used instead of bovine serum albumin (BSA). After labeling,
the solution was filtered through a 0.22 /im filter (Millipore, U.S.A.).

Analysis of the antibody solution was performed by instant thin-layer
chromatography (ITLC, Gelman Sciences, U.S.A.) using 85 % methanol as developing
solvent or by a 20-26 cm long gel column (Sephadex G-25 Fine or Sephacryl S-300,
Pharmacia, Sweden) using PBS-BSA (0.02 M phosphate buffer in a 0.15 M NaCl
solution, pH 7.2, containing 1 % BSA) as the mobile phase. The activity in the
cut or eluted fractions was measured in a gamma counter (Nal(Tl) well crystal).

PATIENTS

Two patients were examined with the monoclonal antibodies C-215 and C-245
labeled with 125I or 131I. Informed consent for diagnosis and treatment with
monoclonal antibodies was obtained. The study was approved by the local ethics
committee.

Patient A was a 34 year old woman with a signet ring adenocarcinoma,
metastatic to lungs, lymph glands, bone and breast. The primary tumor was never
identified. Concentrations of CA-50 and CEA in serum were normal. Radiolabeled
monoclonal antibodies were administered on three occasions at two and three
months after diagnosis. The patient was then treated with unlabeled monoclonal
antibodies (C-215 and C-245), palliative external radiation therapy and
chemotherapy. The patient died 12 months after diagnosis.

Patient B was a 45 years old man, who had undergone total gastrectomy,
splenectomy and resection of the tail of the pancreas and omentum, due to gastric
adenocarcinoma with multiple lymph node metastases. Although CA-50 serological
titer was elevated, a "second look" laparotomy after 6 months revealed no
recurrences. At 10 months the patient was diagnosed with a supraclavicular
recurrence. Laparotomy at 14 months revealed lymph node metastases in the
hepatoduodenal ligament and around the aorta. Radiolabeled and unlabeled
monoclonal antibodies were given on four occasions between 14 and 20 months. A
new laparotomy at 20 months revealed progressive disease with metastatic growth
around the head of the pancreas and around the aorta and the lower caval vein.
The patient was then given chemotherapy and died after 24 months.
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IMMUNOHISTOCHEMICAL ANALYSIS

Prior to administration, tumor biopsies from both patients were collected
for immunohistochemical analysis. A slight modification of the
avidin-biotin-peroxidase complex (ABC) (Vectastaint, Vector Laboratories, CA,
U.S.A.) method (8) was used. Frozen biopsies of tumor tissue were cut into 5 /jm
sections and fixed in 50 % acetone for 30 s at 4°C. The sections were air-dried
and rinsed in PBS for 10 min. All sections were then incabated in 0.3 % hydrogen
peroxide in PBS for 5 min to block endogenous peroxidase and rinsed twice in PBS.
Thereafter the sections were treated with normal swine serum diluted 1:10 in
PBS-4% BSA for 5 min at 4°C to block non-specific binding of antibodies, prior to
incubations with monoclonal antibodies.

ADMINISTRATION OF MONOCLONAL ANTIBODIES

Details of the seven studies performed with radioiodine-labeled monoclonal
antibodies are shown in Table 1. The monoclonal antibodies were given as
intravenous (i.v.) or intraperitoneal (i.p.) bolus injections (studies Al, A2, A3
and Bl) or as i.v. infusion in normal saline during one hour (studies B2, B3 and
B4). Additional amounts of unlabeled monoclonal antibody were given in studies
B2, B3 and B4 for therapeutic purpose. Before each injection, the patients were
tested for hypersensitivity to murine immunoglobulin (C-215 and C-245), and
sometimes also to mouse epithelium, urine, skin and serum. All these tests were
negative. The activity of the injected solutions was measured with an ionization
chamber (Capintec CRC-120, U.S.A.). In study Bl, two injections, i.v. and i.p.,
were given simultaneously. Stable iodide for blocking of the thyroid uptake of
radioiodine was given (200 mg KI daily).

Patient B had reactions to the administered antibodies with hypotension,
pruritus and slight nausea in studies B3 and B4 and hydrocortisone, 100 mg, was
then given. All reactions subsided within an hour after administration and no
serious complications occurred.

Table 1

Data on the monoclonal antibody (MAb) administrations.
Injection was either intravenous (i.v.) or intraperitoneal (i.p.)

Patient

A

B

Study

Al
A2
A3

Bl

B2
B3
B4

Injection
route

i.v.
i.v.
i.v.

i.v.
i.p.
i.v.
i.v.
i.v.

MAb

C-215
C-245
C-215

C-215
C-215
C-215
C-215
C-245

Radio-
nuclide

13

13

13

U

13

"

T

t

|

•

'"I

Injected
activity

(MBq)

20
20

400

100
20
20
10
50

Amount of
MAb used for

labeling
(nig)

0.1
0.1
1.3

0.1
0.1
0.1
0.1
0.1

Amount of
additional
unlabeled

MAb
(mg)

-
-

10
-

100
200
200
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IN VITRO MEASUREMENTS

Blood samples for determination of the half-time in plasma (studies B2 and
B3) were collected at different times after administration of 131I-C-215. Gel
chromatography of plasma samples was performed as described above (studies A2,
A3, Bl, B2 and B3).

Four days after injection (studies Bl and B4), patient B underwent surgery.
Blood and tumor samples were then collected. The tumor samples were taken as
separate excision biopsies from intra-abdominal metastatic recurrences.

The 125I and 131I activity in samples of blood, plasma, and tumor were
measured in the gamma counter. In study Bl, where both 125I- and 131I-labeled
monoclonal antibodies were used, correction for the contribution from 131I in the
125I pulse-height interval was made. Calibration factors between the sensitivity
of the ionization chamber and the gamma counter were determined. Corrections
were also made for detector background and for radioactive decay.

Uptake (or content) of the radionuclide, Utissue, was expressed as the
fraction of the injected activity, Ainjected, per unit mass of the tissue (%/g):

tissue = A'issu°/rn*issu* X 100 (1)

where Atlssue is the activity of the tissue sample and mfciEsue i t s mass.

Tumor (T) to blood (B) ratios were calculated:

^tumoT' tumor _ tumor (2 \

GAMMA CAMERA MEASUREMENTS

In some studies (Al, A2, A3 and Bl) the biodistribution was followed with a
gamnio camera (General Electric 400 A/T, U.S.A.) equipped with a medium energy
parallel hole collimator. Before each imaging the urinary bladder was emptied.
Whole body scans with 10-20 minutes scanning times were done. The number of
counts from 131I were determined in whole body, in different body regions (neck,
thorax, liver-spleen, abdomen and pelvis) and in selected organs and tissues
(liver and sometimes spleen and tumor). Corrections were always made for
background, differences in scanning time and radioactive decay. Calibration of
the detector system was made with a whole body phantom, homogeneously filled with
131I. The total weight of the phantom was 50 kg, which was very close to the
weights of the patients. When determining the activity the geometric means of
the number of anterior and posterior counts were used, except in study Bl where
only anterior images were collected. The number of counts were multiplied by the
above mentioned detector system calibration factor, valid for body regions and
thick organs. When considering thinner organs such as the spleen, the equations
presented by Fleming were used (9). Uptake (or content) of the radionuclide was
expressed as the fraction of the injected activity. The biological half-times of
131I from whole body were calculated, using least-squares fits of a
monoexponential function.
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DOSIMETRIC CALCULATIONS

Absorbed dose was calculated following the Medical Internal Radiation Dose
Committee (MIRD) formalism (10). The time-activity curve for an open one- or
two-compartment model was fitted to the measured time-activity curve for each
source organ, giving the effective half-times. Cumulated activity was obtained
by integrating the resultant equation over time until infinity. The cumulated
activity (MBq d) was multiplied by the S value (absorbed dose per unit cumulated
activity, mGy/MBq d) (11). When calculating the absorbed dose to whole body the
content in the thyroid was excluded since the thyroid uptake can be fairly well
blocked. Absorbed dose in liver, spleen and tumor was calculated from the
cumulated activity in the respective tissue. For the absorbed dose in red
marrow, whole body without thyroid was used as the source organ.

As a comparison, dosimetric calculations were also performed for 123I,
assuming the same biokinetics as for 131I.

RESULTS

IMMUNOHISTOCHEMICAL ANALYSIS

The immunohistochemical analyses of the tumor biopsies from both patients
showed presence of the antigens corresponding to the monoclonal antibodies C-215
and C-245.

PLASMA CHROMATOGRAPHY

Table 2 shows the results from chromatography of injection solution and of
plasma samples taken at different times after injection of radioiodine-labeled
C-215 and C-245. In patient A (studies A2 and A3), 30-55% of the radioiodine was
bound to complexes larger than IgG (Figure 1A). The complexes were observed as
soon as 15 minutes after injection in study A3. In patient B, the complexes were
noticed only in one study (2-10% in study B3). Figure IB shows a comparison of
chromatogram of plasma 2 and 4 days after i.p. injection of C-215 (125I) and i.v.
injection of C-215 (131I) (study Bl). Some 125I was bound to molecules sized
between IgG and iodide. This was not observed for 131I.

ACTIVITY CONCENTRATION IN PLASMA

Plasma concentration of 131I was followed in studies B2 and B3 after
injection of 131I-C-215. The results are shown in Figure 2. Plasma concentration
was not monoexponentially did not decline. During the first hours there was a
fast decrease mainly due to distribution into extracellular fluid. Biological
half-times were for study B2 about 4 days during 1-5 days and about 50 days
during 5-14 days after injection and for study B3 about 6 days during 1-5 days
after injection.
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ACTIVITY CONCENTRATION IN TISSUE

In studies Bl and B4, blood samples and tumor biopsies of intra-abdominal
recurrences were collected. The iodine contents in blood and tumor and
corresponding tumor/blood ratios (T/B) are shown in Table 3. T/B for i.v.
injected C-215 and C-245 were similar. When comparing i.v. and i.p.
administrated C-215, T/B was somewhat higher for the i.p. injection.

Table 2

Chromatography of plasma and injection solution (inj. sol.). Approximate
fractions of radioiodine within four regions: Large (larger than IgG), IgG-sized,
Medium (molecules sized between JgG and iodide) and Iodide-sized. All results
are from gel chromatography except the injection solution in study B3, which is
from ITLC.

Study

A2

A3

Bl

B2

B3

MAb

'"I-C-245

'"l-C-215

'"I-C-215

"'I-C-215

111 I-C-215

151 I-C-215

Time

1 d
3 d

15 min
1 d
2d

2d
4d
7d

Inj .sol.
2d
4d
7d

30 min

Inj.sol.
1 h
1.5 h
5d

Large

(*)

39
55

54
46
33

-
-

-
-
-

-

9
10
2

IgG
(%)

48
34

45
45
55

86
61
72

99
96
95
85

94

91
87
82
87

Medium
(%)

_
1

-
-

7
23
8

_
-
-
-

-

-
-
-

Iodide

(%)

12
7

1
8
10

7
16
20

1
3
5
15

6

9
2
2
2

Table 3

Content of radioiodine in human blood and tumor and corresponding tumor/blood
ratios (T/B) four days after injection of iodine-labeled monoclonal antibodies
(C-215 and C-245) using different administration routes. Ufcuraor and T/B values
are given as mean (SEM). In each group the number of tumor biopsies was 8.

Study

Bl

B4

MAb

'"l-C-215
•"I-C-215

•"I-C-245

Administration
route

i.p.
i.v.

i.v.

C10-3 %/g)

1.30
1.66

1.64

(•10-3 %lg)

1.60(0.05)
1.57 (0.05)

1.17(0.05)

T/B

1.73(0.04)
0.94 (0.03)

0.71 (0.03) I

118



<B

to

<*> O

\ o
09 3

a
<B

' 3
rtw
O

rt Hi

o *
rt

0)
In

Plasma content (%/g)

o
o

B
<D

fi>
H i

rt
(B
l-t

131-

r—i

M-
3

•a

ft)
in

n

3
IB
Q
it
i-t.
O

o
(X

a(B
fi)
l-t
(B

h "
3
a
nfi>
rt
0)
a

ap -
H )
H i
(B
l-t
IB
3
0
(B
H>
3

O
O
I—"

c
B
3
I - 1

(B
3

09
r t
rr
«:ft)
in

rt
fi)

(B
3
H -
3
rt
0

fl)
o
o
o
c3
rt

H

(B

•V
0
cn
(-"
rt
!->•

0
3
IS

H i
O
f t

l - i

%

fi)
3
a

rt
3*
CD

in
0)

fB

O
3"
i-t
O
B
fi)
rt
0

09
l-t
fi)

X}

oH i

CB
fi)
O
3"

X)
I—1

fi)
cn
B
ft)

in
fi)
B
•aM
(B

(B
3
H -

a(D
3
rt
H -
H )

l <
h"
3

09

r t
sr(B

•atB
fi>
?r
cn

w

M

o

§

3
L-i.

(B
O
rt
fB
O.

n
1

ro
r-1
i_n

a
0
rt
(B

rt-

fi)
r t

rt
cr<B

fB
cn
C
i—'
rt
in

H )
11
O
B

en
rt
co.
>•<
03
I -"

fi)
l-j
IB

M i
11
O
B

!°\cR
<IB

(-*•

•

H -
3

tB
n
rt
CD
a
ni

ro
i—>
L71

^ ^

I - "

in

3
O
i-t

afi>
i - 1

H -
N
fB
a
rt
o
r t
srfB

fi)
11
CD
cu

c
3
a.
(B
H.

r t
tr
fB

O
O
11
11
CD
cn

13
O

a
3
oo

H i
H
o
B
H-

<J

H -

3
o .
fB
O
rr
(»
a
n
ro

U l

p .

3

-afi>
r t
H -
fB
3
r t

>

h- l

3

09

c11
(B

M
C3

rt
crfB

fi)
nfD
fi)

c
3
a
n>

r t
3*
(B

t-»
M

fi)
3
a

a
fi>
H i
rt
ft!
i i

3
fD
O
rt
(-••

o
3

t-1

Co

cn
rt
C
a

C30
1-"

N )

H-
30
C
i i
CD

I - '

! »
(B
cn
C
1—'
rt
tn
H i
11
O
B

00
(B
M

O
3"
i i
O
B
fi)
rt
o

P. 00

fi)
3
a
4>

a
fi>
Hi

rtCD
11

H-

3
c_i.

(B
O
rt
p>
O
3

tn
rt
C
a

>
ro

Ui

hi
fi)

cr
>-<
o
Hi

T3

fi)
cn
B
fi)

H i

n
0
B
h-'
>

cn
rt
C
a

>
ro

(-1

a

•n
00
ei i
CO

I—1

>

•fl

oo
r-t
fD

h-1

to

^1

P)
n
.̂.

Q

cr

T 1
1

ft
O
ft"

o

§
cr
<t

Relative counts Relative counts

o
o

ro
o
o
o

o
o

3
I

?•

. °-~

o

<-£a
o

M

Cl

CO

fu rt-

a

• N>

Relative counts Relative counts

0
0

ro
o
o

o •

i-*
o

to
ID

CO
O

O

j o
a

-o-_

r

1
1

H
I125

i
T

M
1131

M

Q

a
t»

3

< t

a
•<

DO



GAMMA CAMERA MEASUREMENTS

No obvious tumor uptakes were found wit_h the gamma camera for patient A, but
for patient B (study Bl) there was a visible uptake in the abdomen of about 7 %
of injected activity two days after injection. The uptake was located on the
place where recurrences were found at operation four days after injection. The
tumor/background ratio is shown in Figure 3.

The content of 1311 in whole body from studies Al, A2, A3 and Bl are shown
in Figure U. Table 4 shows the calculated biological half-times for 131I in the
whole body, estimated during different time intervals, from the same studies.

From the studies Al, A2, A3 and Bl the 131I content in neck, thorax,
liver-spleen, abdomen and pelvis regions versus time after injection is
illustrated in Figure 5.

The uptake of 131I in liver and spleen, given as percent of injected
activity, is shown in Figure 6. The early liver uptake was a factor of two
larger in study A2 (about 20 % IA) than in the other studies (about 10 % IA).
Spleen was clearly visible only in study A3.

O
U

u
Q

Time after injection (d)

Figure 3. Tumor/background ratio estimated from gamma
camera measurements vs. time after injection.
The erroi caused by counting statistics is
about 1 %.
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Table 4

Biological half-time for whole body estimated during different time intervals.
The geometric means of the anterior and posterior count rates were used for
activity determination for patient A, while for patient B only the anterior count
rates were available.

Study

Al
A2
A3
Bl

Time interval
(d)

0d-7d
0d-6d
Od-7d
0d-6d

T,«.,
(d)

3.4
2.6
1.8
2.8

Time interval
<d)

_

-

7d-22d
6d-24d

T.,.,
(d)

4.3
4.8

1000

100

D

§

10 -

0.1

Study Al
Study A2
Study A3
Study Bl

Time after injection (d)

Figure 4. Content of 131I in whole body except the thyroid,
given as % of injected activity, vs. time after
injection, measured by gamma camera. The geometric
means of the anterior and posterior count rates
were used for activity determination for patient A,
while for patient B only the anterior count rates
were available.
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100

0 5 10 15 20
Time after injection (d)

c
ID
4J

0.01

0. 1

0 5 10 15 20
Time after injection (d)

c
0

0.1"

0. 01
0 5 10 15 20

Time after injection (d]

M

4J

0

cs
r

1 0 0

10

1

o. I •

n 1 -

Study Bl

^ v ^ [ -°" H»CJC
s ••" Thorax

"*" Llver-Epleen
•*- Uxtoaen
— P»lvis

0 5 10 15 20
Time after injection (d)

Figure 5. The I content in different body regions, given as % of
injected activity, vs. time after injection, measured by
gamma-camera. The geometric means of the anterior and
posterior count rates were used for activity determination
for patient A, while for patient B only the anterior count
rates were available.

Study Al liver

Study A2 liver

Study A3 liver

Study Bl liver

Study A3 spleen

0.001
0 10 20

Time after injection (d)

Figure 6. The 131I content in liver and spleen, given as % of
injected activity, vs. time after injection, measured by
gamma camera. The geometric means of the anterior and
posterior count rates were used for activity determination
for patient A, while for patient B only the anterior count
rates were available.
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DOSIMETRY

The calculated absorbed dose per unit administered 131I or I activity
(mGy/MBq) for whole body, liver, spleen, red marrow and tumor is shown in Table
5.

Table 5

Absorbed dose per unit injected activity of 131I and 1Z3I

Study Radionuclide

Al

A2

A3

Bl

13. ,

123,

""I
.a,

.23,

.31 ,

.23,

D/A injected (mGy/MBq)
Target organ

whole body

0.17
0.012

0.13
0.011

0.078
0.0078

0.15
0.012

liver

0.52
0.034

0.72
0.051

0.41
0.030

0.53
0.031

spleen

1.3
0.082

red marrow

0.19
0.018

0.15
0.016

0.086
0.011

0.17
0.017

tumor

0.57
0.047

DISCUSSION

PHARMACOKINETICS

Chromatography of plasma samples after injection of iodine-labeled
antibodies showed that about half of the 131I in plasma was bound to molecules
larger than IgG for patient A, while almost no larger complexes were observed for
patient B (Figure 1, Table 2). The complexes were probably antibody molecules
bound to either circulating antigen, HAMA (human anti-mouse antibodies), or other
antibody molecules.

There were differences in the results of plasma chromatography as well as in
the pharmacokinetics between i.p. injected 123I-C-215 and i.v. injected 131I-C-215
(Figure IB, Table 3). Since these results were based on the same samples, the
differences can not be explained by measurement errors. Some 125I was bound to
molecules sized between IgG and iodide, suggesting that the metabolism of i.p.
administered antibodies was different than that of i.v. administered antibodies.
The smaller amount in blood and similarity in the tumor uptake resulted in higher
tumor/blood ratios for the intra-abdominal metastases after i.p. administration.

The tumor/blood ratio for iodine-labeled C-215 in man was slightly higher
than the ratio measured in nude mice, which was 0.5-0.6 3 days after injection
(6). Since the ratio increased with time for mice, this may also be the case for
man.

In general, it was difficult to outline other organs than the thyroid, liver
and sometimes urinary bladder in the whole body images performed by a gamma
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camera. This was due to e.g. the limited imaging properties of 131I and to the
low activity administered. However, in studies A3 and Bl where 400 MBq and 100
MBq respectively were injected, tumor, spleen and colon were also visualized.

The calculation of the activity of 131I in whole body and in various organs
was somewhat simplified. It was assumed that the activity was evenly distributed
within the body. Therefore calibration was obtained from measurements of a
whole-body phantom, homogeneously filled with 131I. By using the geometric mean
of anterior and posterior count rates, there is a possibility to estimate the
activity without knowledge on its detailed depth distribution (9). In this
study, however, the estimated activity in whole body and body regions was similar
when calculating from one or two projections, justifying the use of results from
study Bl where only anterior images were available.

The biological half-time of 131I for the various body regions, except for
the neck, was similar within each study (Figure 5). This implicates that no
considerable accumulation/redistribution of the activity took place. This then
indicates that no specific binding to any organ or tissue occurred, but rather
that essentially homogeneous distribution in the extra-cellular space occurred.
The longer half-time for the neck was due to incomplete thyroid blocking, with
thyroid uptake up to 8 % of injected activity.

In general, the time-activity curves for whole body content of 131I seem to
consist of two components. The biological half-time during the first week was
2-3 days and during the following two weeks 4-5 days. After 20 days about 1 % of
injected activity was still in the body. The half-time for 131I in plasma was
similar to that in whole body during the first days after injection, but such a
long half-time as that found in plasma in study B2 was not shown by any of the
gamma camera measurements. Plasma and whole body measurements should give the
same half-time (degradation rate), at least after the rapid initial phase, if the
antibodies were extracellularly distributed without any binding to normal tissue.

When comparing the whole body content of 131I from the two studies of C-215
in patient A, the biological half-time was shorter in the last study performed
(A3). One reason for this reduction may be the 10 times larger amount of
administered antibody. However, previous reports have shown prolonged blood-pool
retention for higher amounts of 111In-labeled antibodies (12,13). Another
explanation could be the different number of previous antibody administrations.
Sakahara et al. (14) have reported a more rapid whole body and serum clearance
for patients who had previously received monoclonal antibodies. This could be
explained by complex formation between the labeled monoclonal antibodies and,
probably, HAMA (human anti mouse antibody).

In patient A the biokinetics of the two different antibodies were studied
in a similar manner (studies Al and A2). The concentration in the liver was
almost a factor of two higher for C-245. Increase in liver uptake is sometimes
explained as uptake of antibody complexes or of antibodies bound to antigen or
HAMA. Larger complexes were found in study A2, but plasma chromatography was not
available from study Al. When studied in mice there was no difference between
the liver/blood ratios for the two antibodies. The whole body half-time was
slightly shorter for the monoclonal antibody C-245, but this could be an effect
of the number of previous antibody administrations, as described above.

The whole body half-time of 131I, when labeled to C-215, was shorter for
patient B compared to patient A. This difference could be explained by the
different amounts of administered antibody. Another difference between the
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patients was the larger amount of complexes in plasma seen for patient A, but
this should, as discussed above, lead to a more rapid elimination.

DOSIMETRY

The average whole body absorbed dose was 0.13 mGy/MBq for 131I and about 10
times lower for 123I (Table 5). These estimations are only valid for diagnostic
amounts of antibody. For therapeutic amounts the biological half-time in blood
was much longer (studies B2 and B3), which should give higher absorbed doses to
whole body.

Tolerance doses for external radiation has been reviewed by Brahme et al.
(15). The minimal injurious tissue dose, TD5/5, leading to 5 per cent normal
tissue complication after 5 years, is 2.5 Gy for the whole bone marrow and 25 Gy
for the whole liver. The maximal injurious tissue dose, TD50/5, leading to 50
per cent normal tissue complication after 5 years, is 4.5 Gy for the whole bone
marrow and 40 Gy for the whole liver. The figures pertain to a standard dose
fractionation of five times 2 Gy in each week.

Regarding the dosimetric estimations presented in Table 5, the bone marrow
is the dose limiting'tissue. Since no measurements of the content of radioiodine
in bone marrow were performed, the bone marrow was not included in the source
organs. It would be possible to administer up to 30 GBq 131I for therapy,
without exceeding the maximal injurious bone marrow dose. An injection of 500
MBq 1Z3I-labeled monoclonal antibody for diagnosis would result in a mean
absorbed dose in whole body of 5 mGy.

The tumor/(normal tissue) concentration ratios in this study were low.
Tumor doses of only about 15-20 Gy would be reached; therefore, treatment with
131I-labeled monoclonal antibodies alone would not be enough for curative
therapy. One possible use could be in combination with external radiation
therapy or with other forms of therapy.

A general conclusion from this study is that individual dose planning for
therapy with radiolabeled monoclonal antibodies is necessary, but might be
difficult, because the biokinetics may change from test injection to therapy.
Some of these factors are the amount of administered antibody, the different
radionuclides, the number of radionuclides per antibody molecule and the number
of previous antibody administrations.
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DISCUSSION OF PAPERS BY B. WESSELS, C. KWOK, K. PENTLOW, AND E.F. ARONSSON

CHEN: Dr. Kwok, what overestimation is there in your doses if maximum antibody
uptake occurs at time zero?

KWOK: A significant fraction of the maximum antibody uptake by the melanoma
spheroids was obtained in 6 hours. By assuming a biological half-life of about 3
days for the antibody retention you can calculate the cumulated activity for your
hypothetical situation and that of the real situation. However, I have not done
such calculation.

CHEN: Can you relate your spheroid model to the macro-two-compartment model of
antibody retention?

KWOK: The spheroid model can be incorporated into a compartmental type of
kinetics analysis which takes into account the presence of the organs and
tissues. Of course, the analysis will become more complicated.

CHEN: Dr. Larson, do you think the correction for nonspecific uptake are very
important for 1-131? My second question is do you think we should correct for
infusion time?

PENTLOW: I am not Dr. Larson, I was reading the paper for him. I am involved
very heavily in the 1-124 work, I was not so much involved with the animal work.
We got some potentially different distributions with 1-131 and 1-124 because of a
difference in immunoreactivity. Any difference between the two is potentially
giving you a different distribution and therefore a different radiation
distribution in dose to different organs.

HAY: I have a question for the last two speakers - have you considered using the
so-called "residualizing labels" - tyramine cellobiose, inulin-tyramine,
dilactitol - to enhance tissue retention of radioiodine? This would also
minimize deiodination of MAb's and subsequent thyroid uptake of released
radioiodide in human patients.

ARONSSON: No, we haven't used it - we have thought about it. When our study was
performed these new labeling methods were not known to us. Since we have
observed that the dehalogenation of I-131-labeled monoclonal antibody C-215 gives
reduced tumor uptake in nude mice in comparison with Se-75-labeled C-215, we
believe that it is important to improve the iodine labeling method.
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FISHER: I have a question for Dr. Pentlow. A couple of months ago one of my
colleagues at the University of Nebraska asked if we could make some 1-124 for
them. I had no idea how one would do that and I wondered if you could tell us a
good procedure for producing 1-124.

PENTLOW: Ron Finn of Memorial Sloan-Kettering is the person who could tell you
that. We were using a 15-MeV deuteron reaction on enriched tellurium-124. That
is not the only way of doing it but it is the easiest right now. The enriched
tellurium is very expensive and so there is an investment to start with; but it
is recoverable.

MATTSSON: I have a question for Dr. Pentlow about the accuracy you would expect
to have with using 1-124 for PET. Can you compare this accuracy with the
accuracy in using 1-123? What is advantage of PET?

PENTLOW: We see that PET theoretically should be more accurate because you can
do a rigorous attenuation correction, which you cannot do with 1-123. A lot of
people are doing fairly accurate work with SPECT but there are still limitations.
I hesitate to give a number and be held to it. If you do a measurement on a
phantom under very well controlled conditions, we can perhaps achieve 2 or 3
percent. Would we do that under realistic conditions in a patient? That is
highly questionable. The more you look into technology such as PET you realize
the extent of all the little corrections and other things that are going into
that. You wonder whether some of the numbers that are being quoted as the
accuracy of PET under ideal conditions are really as high as they claim to be. I
would question any numbers that come in the 2 or 3 percent accuracy range. I
think realistically if one gets 5 to 10 percent one is doing real well with any
of these techniques, just because of the realistic nature of making measurements
on patients. Just one other issue. You mention 1-123, but 1-123 has a 13-h
half-life, we want to make these measurements over much longer time periods.
We've done measurements up to 10 or 11 days on a patient, you could not do that
with 1-123. Iodine-131 has a problem with septal penetration and sensitivity.

EMRAN: I also have a question about 1-124 for Dr. Pentlow. Would the background
have an effect on the images? What about the different types of scanners? Have
you assessed the stability of the material and if this has any effect on the dose
to the thyroid?

PENTLOW: Let me take the second question first. The 1-124 that we were using
was shipped from Saudi Arabia. We got it several days after it had been
produced, and we did not have complete control over the chemistry of its
production or what happened in between. There were clearly some differences. It
wasn't that the iodine wasn't iodine anymore but apparently some of it was
iodate. There was also some contaminant in there. Ron Finn is doing some work
to get rid of those uncertainties and then we anticipate that the
immunoreactivity will be identical for the 1-124 and the 1-131. If we have
better control over it, we think that will be taken care of. In terms of the
exact numbers for the interference, the numbers I gave you were for that
particular phantom and for one particular machine. Those numbers are going to
vary from machine to machine depending on the type of corrections that are being
applied. What we saw on that particular phantom with our machine was a
contribution in a large lesion of something like 11 percent from the background
for fluorine-18 and approximately double that for 1-124. We think the additional
contribution that we were seeing from 1-124 is probably due to the high positron
range of the 1-124 which will give you some contribution to that area. But there
clearly was a difference.
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DAGHIGHIAN: I know this should be addressed to Ron but since you are here I will
ask you. Have you checked the nuclidic purity of the 1-124 not just the
radionuclidic purity.

PENTLOW: Yes, that was checked. There was 1-123 when the stuff was produced but
that had gone away by the time we used it. There was a very small amount of
1-126 but it was a couple of percent, I don't remember the number now.

BRILL: I think the volume estimation checks out reasonably well but to talk
about 2 to 5 percent is really tough when you are talking about PET - just edge
detection of the definition of volume is difficult. Barry, when you are doing
the multicellular dosimetry you rely upon the microscopic characterization by
qualities such as the distribution within the slice. I wonder if it is
reasonable to use the immunofluorescence technique to determine the relationship
between the antibody and the antigen to which you are targeting, not only within
the tumor but for the shed antigen to other structures. We have always had
difficulty in doing this and I wondered what your experience was.

VESSELS: My understanding is that it is useful but we have not gotten into it
ourselves. As a matter of fact Jim Mitchell has a paper out in which he
describes some twenty .techniques that might be useful for looking at viability of
cells.
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ABSTRACT

HMFG1 is an IgGl MoAb raised against a determinant on human milk fat globule
membrane which is expressed on all epithelial cells, but highly expressed on
carcinoma of ovary, colon and breast. At present this antibody is in a phase
I/II clinical trial for toxicity and efficacy in colorectal and ovarian
carcinoma. HMFGl is labelled with 131I and infused intraperitoneally (IP).
Initial dosimetry was carried out in nude mice with and without clonic
adenocarcinoma xenografts by evaluating uptake in tissue samples, whole-body
counting and MIRD calculations. Based on the mouse dosimetry calculations, a
human clinical trial was started. An initial test administration of 37-185 MBq
was infused IP to evaluate the antibody for intraperitoneal distribution and
tumor uptake bv gamma camera imaging; as well as uptake, clearance and dose
estimation by whole-body profile counting, serial blood samples and MIRD
calculations. The activity required for therapy was then determined based on the
dose to the critical organ (bone marrow) from the test administration for worst
case dosimetry. Patient dosimetry was calculated by two methods: (1) uptake in
mouse tissues and total activity injected; and (2) activity calculated from blood
and whole-body profile counting of regional uptake assuming homogenous
distribution of activity throughout organs. There was good correlation between
dose estimates from mouse data (0.43 mGy/MBq whole body) and those calculated
from patient data (0.11 - 0.38 mGy/MBq). Two problems existed for calculation of
dose estimates with IP infusion: (1) IP activity overlaps organ activity and (2)
organs could not be visualized. Estimated therapy radiation doses calculated
from test infusions ranged from 0.11 - 0.38 mGy/MBq whole body and 0.22 - 0.92
ifiGy/MBq red marrow, but the actual therapy doses calculated retrospectively
demonstrated these values to be overestimated and dependent on disease state,
rate of peritoneal infusion into blood and HAMA levels for repeat infusion.

INTRODUCTION

Dosimetry for the diagnostic and therapeutic use of radiolabellod monoclonal
antibodies is generally established in an animal tumor model, using a nude mouse
human tumor xenograft model, and extrapolated to humans (1-5). Although this
method has been found to be a reasonable estimate of dosimetry for intravenous
(I.V.) administration of radiolabelled monoclonal antibodies, when established
uniquely for each antibody or fragment and each isotope, its extrapolation to
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intraperitoneal (IP) administration is questionable. IP administration of
radiolabelled monoclonal antibody presents some new variables, such as large
volumes of activity infused into the peritoneal cavity, diffusion of
radiolabelled antibody into normal and tumor tissue and uptake through the
vascular and lymphatic system, which may not allow for reliable extrapolation
from nude mouse xenograft studies (6-12).

The purpose of this study was to establish a method for determining doses
for patients using a diagnostic or test administration and comparing the
dosimetry with that established in the nude mouse xenograft. This method would
then be performed uniquely for each patient to determine the maximum activity for
therapy.

METHODS

HMFG1 MONOCLONAL ANTIBODY (MoAb)

The antibody used in this study was the HMFG1 monoclonal antibody acquired
from Unipath, Ltd., London, England. This MoAb is an IgGl and was produced
against a determinant in human milk fat globule membranes. It is weakly
expressed on normal epithelial cells, but strongly expressed on lactating mammary
glands, and primary and metastatic carcinomas of the breast, ovary, colon and
lung. Thus HMFG1 MoAb is a tissue specific rather than a tumor specific
antibody. It has been shown to have significant uptake in colorectal and ovarian
carcinomas in nude mouse xenografts and in patients (6-8,10,11,13).

Iodination

HMFG1 MoAb was labelled with 131I via the iodogen method using iodogen
coated tubes. Free iodine was separated from 131I labelled HMFG1 MoAb by G50
chromatography and sterilized by passage through a 0.22 /im filter. Labelling
efficiency in all cases was greater than 90% and purity greater than 90% bound.
Labelled antibody was tested for pyrogenicity and sterility (8,9,11).

Animal Model

The animal model used in this study was a Nu/Nu athymic nude mouse
containing an intraperitoneal and subcutaneous human clonic mucinous
adenocarcinoma xenograft (Figure 1). All animals were injected intraperitoneally
approximately three weeks post-tumor passage (8,9,11). Both nude mice with and
without tumor xenografts were evaluated with at least 5 animals per data point.
Animals were infused with doses of 0.37 MBq (10 j*Ci) or 3.0 MBq (80 /iCi) at a
concentration of 2.16 mg/MBq (0.8 mg/mCi). All animals had ascites and were
infused with a volume of 0.5 to 1 ml for good peritoneal distribution. Imaging
and tissue specimens for counting and biodistribution were taken on days 1, 3, 5,
7 and 10 post infusion of radiolabelled antibody.
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Figure 1. Nude Mouse Xenografts containing intraperitoneal and
subcutaneous human clonic adenocarcinoma at three
weeks post-tumor transfer.

Patients

Patients were admitted to the study if they had: ovarian or colorectal
carcinoma with recurrence; failed second-look surgery and chemotherapy; had a
Karnofsky score >60; had no other cancer or life-threatening disease; and signed
a consent form. All patients were given KI to block thyroid uptake and an
intraperitoneal catheter was inserted surgically. Patients were infused through
the peritoneal catheter with 500-1000 ml of saline with diagnostic or test doses
of 37-185 MBq (1-5 mCi) of 131I-HMFGl MoAb (0.8 ing) and later infused with doses
of 1100-3700 MBq (30-100 mCi) of m I HMFG1 (8-30 mg) depending on dosimetry
calculations for each patient. All patients had planar imaging and whole-body
counting, using a whole-body shadow shield counter with a 1-cm slit width and
constant bed speed, performed on days 0 (4 hrs.), 1, 3, 5, and 7 post infusion.
SPECT imaging was performed on day 3 and 9aTc blood-pool imaging on day 5.
Blood, serum and 24 hr. urine specimens were taken on days 0, 1, 3, 5 and 7 for
hematology, chemistry, urinalysis, radioactivity counting and HAMA determination
(11,14-16).

Dosimetry Calculations

Dosimetry was determined in the nude mouse initially and extrapolated to
humans. Biodistribution (% organ & tissue uptake), maximum uptake and clearance
was determined in the normal and tumor bearing nude mouse. Whole organ and
tissue uptake was determined based on normalization to a standard 20-gm nude
mouse and average organ and tissue weights. In order to allow for a margin of
safety, dose estimates for humans were calculated using the percent organ and
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tissue uptake and clearance (Tel/2) i
n t n e non-tumor bearing nude mouse, Reference

Man organ and tissue weights and MIRD calculations with the following
assumptions: (1) maximum uptake is instantaneous; (2) no biological elimination
(3) biological half-time (Tbl/2) equal to ten times the physical half-life which
equals an effective half-time (Tel/2) of 176 hrs.; (4) "S" values for blood and
peritoneal fluid the same as total body; (5) red marrow uptake - 98%, cortical -
1% and trabecular 1% of total bone uptake; (6) no tumor uptake. Based on this
technique, patients were injected with a diagnostic or test administration of
activity. Revised dose estimates were calculated uniquely for each patient to
determine the amount of radiolabelled MoAb required to treat each patient
(8,9,11,14).

Doses for therapy
administrations were
determined uniquely
in each patient using
37-185 MBq (1-5 mCi)
of radiolabelled MoAb
(IP) and the uptake
and clearance in
various compartments
and tissues. Planar
imaging, whole-body
profile counting
(Figure 2) and
blood specimens
were taken on day
0 (4 hrs.), 1,
3, 5 and 7. SPECT
imaging was performed
on day 3 and 99mTc
blood pool imaging on
day 5. Planar imaging
was used to determine
distribution and
uptake in tumor
and/or organs, and
SPECT imaging was
used to determine
an organ uptake
visualized was on
surface or within
organ, and location of
uptake. Blood-pool
imaging was used to
visualize organs to
determine if there
was organ uptake of
radiolabelled MoAb.
Whole-body profile
counting was used
to determine regions
of uptake and

Figure 2a. Shadow Shield Whole-Body Profile
Scanner showing computer console.

if

the
the

Figure 2b. Shadow Shield Whole-Body Profile Scanner
showing scanning chamber and bed.

clearance such as abdomen, chest, thyroid, and blood and tissue pool. These areas
were subtracted from an average count per channel. Uptake outside the peak areas
was considered as non-specific blood and tissue pool. The remainder was assumed
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to be specific tumor uptake or fluid accumulation. Blood clearance and uptake
were determined by counting serial blood specimens. Data were then used to
calculate the dose estimates (14*16).

RESULTS

The nude mouse xenograft studies showed good uptake in both S.C. and I.P.
tumor and in metastatic tumor but no visualization (Figure 3) or significant
uptake in organs (Table 1). No significant uptake was seen in any organs except
blood in nontumor-bearing nude mice. Total body T.1/2 was 4.19 days, about twice
as long as tumor-bearing nude mice (2.53 days) (Table 1 and Figure 4).
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Figure 3. 131I-HMFG1 MoAb Imaging in Nude Mouse Xenograft.

Based on the biodistribution and percent uptakes seen in the nude mouse
(normalized to a standard 20-gm nude mouse and average organ mass), and the
assumptions previously stated, dose estimates for Reference Man were calculated
using the MIRD method (Table 1). Total-body dose was 2.5 cGy/37 MBq (2.5
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rads/mCi) and the doses to the critical organs, bone marrow and blocked thyroid,
were 1.6 and 1.5 cGy/37 MBq (1.6 and 1.5 rads/mCi), respectively.

Table 1

13II-HMFG1 - MoAb DOSIHETRY**

COMPARTMENT

BLOOD
KIDNEY (EACH)
LIVER
SPLEEN
STOMACH
SMALL INTESTINE
LARGE INTESTINE

UPPER -
LOWER -

GONADS (TESTES)
BLADDER
LUNG
BONE (TOTAL)

RED MARROW
CORTICAL
TRABECULAR

MUSCLE
THYROID
REST OF BODY

TOTAL BODY

TUMOR (IP)*
TUMOR (SC)*

PERCENT DOSE

32.05
0.875
4.51
0.57
0.34
0.83

0.70
0.30
0.02
0.06
2.65

5.90
0.06
0.06
20.00
0.005
29.00

100

25.17***
5.78***

mGy/MBq

0.64
1.3/each
1.3
1.4
0.63
0.76

0.96
1.0
0.51
0.42
0.36
0.43

0.56
0.40
0.89

0.68

30
7.1

* SC-Subcutaneous, IP-Intraperitoneal
** Non-Tumor bearing
*** % Dose/gram
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BLOOD
HMFGT-131- I

Normal Mouse -
T1/2(1) = 1 6 h fS

T 1/2(2)= 8 8 days
Tel/2 = 4 19

T1/2(2) = 3.9 days
T e 1 / 2 = 2 53

DAYS

Figure 4. Uptake and clearance in blood for both
normal and tumor-bearing nude mice
injected with I-131-HMFG1 MoAb (IP).
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Patients were then injected (IP) with diagnostic or test administrations of
radiolabelled antibody and dose estimates were calculated for each patient.
Figure 5 shows representative images in a patient on day 0 (4 hrs ) , 3 and 5 days
post injection (IP). Note the initial uniform distribution through the
peritoneal cavity and lack of visual uptake in any organs. On days 3 and 5
uptake can be seen in several known tumor sites and in the area of the liver and
kidneys. However, SPECT and blood-pool imaging indicate that uptake is not in
the location of the kidneys but is around the periphery of the liver where tumor
seeding is known to occur and not within the liver.

DAY 0 DAY 3 DAY 5

Figure 5. Planar Gamma Camera images of abdomen and pelvis on
day 0 (4 hrs.), 3 and 5 post infusion of 37 MBq of
131I-HMFG1 MoAb (IP) in patient with ovarian carcinoma.

At that point, it was obvious that three problems existed which would make
dosimetry difficult and extrapolation from mouse data unreliable:

1. High levels of radioactivity are distributed throughout peritoneal cavity.
2. Activity is retained for a long period of time in peritoneal cavity.
3. Normal organ visualization is not present because of low uptake and high

background.
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For these reasons whole-body profile counting and serial blood activity were
used to calculate dose estimates rather than regions of interest (ROI) and
conjugate gamma camera imaging. Figure 6 shows a typical whole-body profile of
counts in a patient scanned in 1 cm increments from head to foot.

10/21/88 -

2 HBS PJ.

WHOLE BODY PROFILE 131-1

DIAGNOSTIC DOSE 1.O mCi 1O/2V8B

10/22/88 10/24/88 1G/26/B8

DAY + 1 DAY + 3 DAY *- 5

10/28/88

DAY + 7

10000 r

100O

1OO

1O

TPT. HEAD

o.

ABDOMINAL AREA

FEET

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIMIinillMIMIIIIIIIIIIIIIIIIIItlllllllllllllllllllnillllllllllllllllllllllllllllllllllllllllllllllllllllllllllHIIIIII

20 40 60 80 100 120 14O 160

Figure 6. Serial Whole-Body Scan of patient with ovarian carcinoma
injected (IP) with 37 MBq of 131I-HMFG1 MoAb. Graph
shows counts on "X" axis and body location in 1 cm
increments from head to foot on "Y" axis. Note high
activity and peaks in abdominal area with low levels in
chest and extremities (blood pool and tissue activity)
even out to day 7.

As can be seen, most of the activity remains in the abdomen with areas of tumor
uptake or fluid accumulation shown as peaks. By determining average
counts/channel outside the abdominal area, blood pool specific uptake in organs
and tissues) can be subtracted out, leaving peritoneal activity which would
include tumor uptake and fluid. This same procedure could be used for lung,
thyroid or any part of the body where uptake occurred. Each area could be
plotted to determine uptake (activity) and clearance (Tel/2) (Figure 7).

138



100.000

1 2 3 * 5 6 7

DAYS POST INJ.

Figure 7. Plot of uptake and clearance of the various compartments
(whole-body, abdomen and blood pool/tissue) calculated from
whole-body profile counting serially over several days post
injection (IP) of 37 MBq of 131I-HMFG1 MoAb in patient with
ovarian carcinoma.

Blood activity was also counted and plotted to determine uptake and
clearance (Figure 8).

10
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4 5 8
DAYS POST INJ.

Figure 8. Blood uptake and clearance in ovarian carcinoma patient
injected with 37 MBq of 131I-HMFG1 MoAb (IF) serially
for seven days post injection.
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Activity and half-times (Tel/2) were calculated for each compartment. Table
2 shows biological and effective half-times for the various compartments
determined from whole-body profile scanning and blood specimens of the first
seven patients entered into the study. Patients were injected with 37 MBq of
131I-HMFG1 MoAb (IP). Note variability from patient to patient.

Table 2

HALF-TIMES (days)

Patient * — *

1 Body Area

Blood

Blood Pool

Abdomen

Lungs

Total Body

OV-001

Tb

2 45

3 43

401

4 08

Te

1 88

2 40

2 67

2 70

OV-002

Tb

47

48

761

431

6 89

Te

3 0

30

39

2 8

3 7

CR-003

Tb

1 21

1 37

1 20

1 48

1 3!

Te

1 04

1 17

1 04

! 25

1 13

OV-004

Tb

2 6

23

1 7

2 2

Te

2 0

1 8

1 4

1 7

CR-005

Tb

4 1

6 6

6 6

2 8

6 9

Te

2 7

3 6

3 6

2 1

3 7

OV-006

Tb

1 3

1 85

1 4

1 85

Te

1 1

1 5

1 2

1 5

ov-oo?

Tb

1 9

2 0

1 3

1 6

Te

1 54

1.6

1 1

1 3

Tb=Biological
Te=effective

These data were used with the MIRD schema to determine dose estimates for
each organ and total body. However, since organ and tissue activity can not be
determined directly, three different assumptions were made to calculate organ and
tissue dose estimates:

1. Homogenous uptake in all tissues based on maximum total activity calculated
for blood.

2. Whole organ percent uptake extrapolated from animal data.

3. Homogenous uptake in all tissues on a /iCi/g of tissue basis using blood
activity (/iCi/ml) and Reference Man organ weight.

Table 3 shows a typical dose calculation by these three methods compared to the
Reference Man dosimetry calculated from animal model data.
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Table 3

Dose calculations for representative patient with colorectal
carcinoma injected with 185 MBq of 131I-HMFG1 MoAb (IP) using
the MIRD formula and three different assumptions for activity
and compared to dose estimates extrapolated from nude mouse to
standard man.

BLOOD
KIDNEY (EA.)
LIVER
SPLEEN
STOMACH
S. INTESTINE
L. INTESTINE-

UPPER
LOWER

GONADS (TESTIS)
BLADDER
LUNG
BONE (TOTAL)

RED MARROW
MUSCLE
THYROID

TOTAL BODY

Mx2
(mGy/MBq)

0.64
1.3
1.3
1.4
0.63
0.76

0.96
1.0
0.51
0.42
0.36
0.43

0.57
0.40

0.68

A,2
(mGy/MBq)

0.71
5.3
1.4
8.8
3.6
2.6

4.0
6.0
4.2
4.1
0.40
0.75
1.8
0.49
7.0

0.21

A 3A2

(mGy/MBq)

0.37
1.1
0.70
0.75
0.43
0.49

0.56
0.58
0.39
0.12
0.30
0.33
0.71
0.38
0.31

0.21

A3*
(mGy/MBq)

0.77
0.93
0.93
0.92
0.84
1.1

0.94
0.99
0.82
0.55
0.46
0.78
1.5
1.0
0.82

0.21

1-CALCULATED FROM MOUSE DISTRIBUTION DATA
2-BASED ON HOMOGENOUS UPTAKE OF TOTAL BLOOD ACTIVITY
3-BASED ON PATIENT CALCULALTED ACTIVITY AND PERCENT
UPTAKE FROM MOUSE DATA

4-BASED ON HOMOGENOUS UPTAKE OF BLOOD ACTIVITY AS
X ORGAN WEIGHT OF REFERENCE MAN

CONCLUSION

Since organ uptake and clearance in patients is dependent on the rate of
absorption into the vascular and lymphatic systems from the peritoneal cavity and
this is dependent on the extent of disease in each patient, direct extrapolation
from mouse data is not appropriate for the determination of the activity required
for therapy. This should be determined uniquely in each patient (6,10,11,12,14-
16). Comparison of the half-times and dosimetry in animals and patients (Table 2
& 3) shows these to be highly variable from patient to patient. The use of
whole-body profile counting allows for considering different compartments and
assumption of uptake and clearance within that compartment (Figure 6, 7 & 8,
Table 2). Based on these methods, three different dose estimates could be
calculated for each patient for the best estimation of the maximum amount of
activity that would prevent lethal effects to the critical organ, bone marrow
(Table 3). The first dosimetric method is obviously an overestimate, but gives
an estimate of the dose should the worst possible case occur. The second method
is a direct extrapolation from the animal data and the third method is probably

141



the best dose estimate based on data collected from each patient. Therapy
administrations were based on the bone marrow and whole-body dose as determined
from the third method with some consideration of the first method which gives the
estimate of the worst possible dose to each organ. Further studies are in
progress to confirm the best dosimetry method.

This study was supported by a Florida High Technology and Industry Council
Grant from the State of Florida.
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ABSTRACT

90Y-Labeled monoclonal antibody CO17-1A, with specificity for colorectal and
pancreatic carcinomas, has shown excellent potential for radioimmunotherapy. A
new bifunctional chelate technique, involving site-specific conjugation of 2-p-
aminobenzyl-1,4,7,10-tetraazacyclododecanetriacetic acid (NH2-Bz-DOTA-3A) to the
oligosaccharide portion of CO17-1A, was recently shown to yield 90Y-C017-1A with
greater in vivo stability and tumor specificity than that produced using DTPA-
based bifunctional chelate techniques. Radiation absorbed dose estimates for
normal structures of reference man and for mouse tumors of various sizes were
calculated for 90Y-CO17-lA prepared by the site-specific NH2-Bz-DOTA-3A
technique, based on timed tissue distribution studies (6, 24, 48, 72, 120, or 168
hr) in female nude mice bearing SW 948 human colorectal carcinoma xenografts.
Radiation absorbed dose estimates for tumor were 50% higher than those obtained
in previously reported studies with 90Y-CO-17-1A produced by site-specific
conjugation of any acyclic DTPA ligand, whereas radiation doses for normal
tissues were similar for the two methods. The absorbed dose to the bone marrow,
2.7 mSv/MBq, will limit the dosage in MBq or mCi of 90Y-CO17-lA that can safely
be administered.

INTRODUCTION

The beta-emitting radionuclide yttrium-90 (Y-90. t1/2 - 64.1 hr) has
excellent potential as a label for tumor-associated monoclonal antibodies for
radioimmunotherapy of cancer (1). Numerous preclinical (2-5) and clinical (6-10)
studies with 90Y-labeled monoclonal antibodies have been reported. The search
continues, however, for the optimal bifunctional chelate technique to use in
labeling monoclonal antibodies with Y-90. Early studies utilized the cyclic DTPA
anhydride method (11). but 90Y-labeled monocloiial antibodies prepared in this way
are subject to in vivo decomposition, resulting in high uptake of ionic Y-90 in
bone tissue (4, 12, 13). Bifunctional chelate techniques in which DTPA ligands
are conjugated to monoclonal antibodies via an isothiocyanatobenzyl (SCN-Bz)
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functionality attached to the carbon backbone of DTPA, which leaves all five
carboxyl groups free to participate in metal ion complexation, have given
90Y-labeled monoclonal antibodies with much greater in vivo stabilities (4, 5,
14-16). Site-specific conjugation of DTPA ligands bearing an aminobenzyl
(NH2-Bz) moiety to the oligosaccharide portion of a monoclonal antibody molecule,
which is located only in the Fc region and therefore distal to the antigen-
binding sites, has given 90Y-labeled monoclonal antibodies with similar
biodistributions (4).

A class of macrocyclic chelating agents, derivatives of 1,4,7,10-
tetraazacyclododecanetetraacetic acid (DOTA), has been shown to bind Y-90 with
extraordinary stability (17). We have recently reported that a triacetic acid
analog of DOTA, 2-p-aminobenzyl-l,4,7,10-tetraazacyclododecanetriacetic acid
(NH2-Bz-DOTA-3A), which forms neutral complexes with trivalent Y-90 cations, can
be site specifically conjugated to the monoclonal antibody CO17-1A to produce
90Y-CO17-lA with greater in vivo stability and tumor specificity than that
produced using DTPA-based bifunctional chelate techniques (18). We report here
the radiation dosimetry of 90Y-CO17-lA prepared by this new technique.

MATERIALS AND METHODS

Monoclonal antibody CO17-1A, with specificity for colorectal and pancreatic
carcinomas, was obtained from Dr. Zenon Steplewski of the Wistar Institute,
Philadelphia, PA. NH2-Bz-DOTA-3A was obtained from Drs. Martin W. Brechbiel and
Otto A. Gansow of the National Cancer Institute, Bethesda, MD. CO17-1A was
conjugated site specifically with NH2-Bz-DOTA-3A by a three-step procedure, in
which oligosaccharide moieties in the monoclonal antibody's Fc region are first
oxidized to aldehydes with sodium periodate; the aldehydes are then reacted with
NH2-Bz-DOTA-3A to form a Schiff base; and, finally, the Schiff base is reduced to
the more stable secondary amine with sodium cyanobcrohydride. Analogous
techniques were recently used or site-specific conjugation of DTPA ligands (4).
Using an NH2-Bz-DOTA-3A-to-C017-lA molar ratio of 20:1, a chelate-conjugated
monoclonal antibody with an average of 1.5 chelate groups per-antibody molecule,
determined by combining an aliquot of the crude mixture with ionic indium-111 and
analyzing by ITLC (2), was obtained. The crude antibody conjugate was then
dialyzed at 4° C against four washes of acetate-buffered saline (pH 6). The
recovery and protein concentration of the product were determined by
radioimmunoassay using live cells in suspension. The chelate-conjugated C017-1A
was finally aliquoted and stored at -70° C.

Chelate-conjugated C017-1A was radiolabeled with Y-90 by ligand exchange
with Y-90 acetate. No attempt was made to optimize the specific activity of the
Y-C017-1A produced, which in this study was 110 MBq/mg. The labeling was
monitored using silica gel ITLC as previously described (2). Na2EDTA solution
(5 mM) was added to complex any unbound or loosely bound Y-90, and, after 10 min,
the ITLC assay was repeated. The crude radiolabeling yield was 70% in a
complexation time of 30 minutes, but it has not been optimized. 90Y-Labeled
C017-1A was purified by size-exclusion HPLC on a 0.75 x 30 cm Bio-Sil TSK-400
column (Bio-Rad Laboratories) using phosphate-buffered saline as eluent and a
flow rate of 0.5 mL/min. KPLC elution tfas monitored via a u.v. detector (280 nm)
and a radioactivity detector connected in series. The purities of fractions
containing 90Y-CO17-lA were measured by ITLC and were greater than 99.5%.

Timed tissue distribution studies with 90Y-CO17-lA were carried out in
female nude mice (Harlan Sprague Dawley, Inc.) bearing SW 948 human colorectal
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carcinoma xenografts, produced as described previously (2). Animals were
injected with 90Y-G017-1A via a lateral tail vein when the.tumors were 5-10 mm in
diameter. Unlabeled CO17-1A (100 /ug/25 g of body weight) was coadministered.
Each experimental group consisted of five animals. At the appropriate time
interval after administration (6, 24, 48, 72, 120, or 168 hours), the animals
were sacrificed by exsanguination via the heart under ether anesthesia. Tissue
samples were removed, processed, and counted as described previously (2). Tissue
distribution results were expressed as percent of the administered dose per gram
of tissue, normalized to an animal body weight of 25 g.

Estimates of radiation absorbed dose to normal organs for 90Y-COl7-lA were
calculated based on the mouse tissue distribution data. Normalized values of
percent of administered 90Y-C017-1A per gram of tissue were extrapolated to
percent per organ in the human at the various times. The extrapolated time-
activity curves were mathematically modeled, as a single compartment with both
uptake and excretion pathways, using a nonlinear least squares regression
technique (19). The data were not log-transformed prior to the regression
analysis. Because no excretion data were obtained, the activity in the remainder
of the body was assumed to stay in the body with no elimination. It was assumed
that the activity in the tumor contributed no absorbed dose to the other organs
of the body. The contribution to the absorbed dose from bremsstrahlung emission
was also neglected. Standard MIRD dosimetry techniques (20) were used. The
correction for activity in the remainder of the body (21) was also applied. The
results were expressed as absorbed dose per unit of injected activity, i.e.,
mSv/MBq.

Calculations of radiation absorbed dose to tumor tissue were also based on
the timed tissue distribution studies of 90Y-CO-17-1A in tumor-bearing nude mice
and were performed similarly with the following exceptions. The time-activity
curves for tumor were not extrapolated to humans. Rather the absorbed doses were
estimated for a range of mouse tumor sizes (0.05 - 0.50 g). In addition, energy
emitted during beta decay was modified to account for the loss of beta energy in
small spheres (22).

RESULTS AND DISCUSSION

The tumor concentration of p0Y-COl7-lA prepared by the site-specific NH2-Bz-
DOTA-3A technique in nude mice bearing SW 948 human colorectal carcinoma
xenografts (Fig. 1) continued to increase with the time throughout the seven-day
experiment, reaching a maximum of 39.4% of the injected dose per gram of tumor at
168 hr after administration. This value is 45-100% higher than the maxima
previously obtained with DTPA ligands conjugated by either the SCN-Bz or site-
specific NH2-Bz methods (4), for both of which the maximum uptakes generally
occurred at approximately 72 hr after administration. The biodistribution data
in normal tissues were quite similar to those previously observed with DTPA
ligands (4). The bone concentration was slightly lower for 90Y-CO17-lA produced
by the site-specific NH2-Bz-D0TA-3A technique, which is indicative of greater in
vivo stability of 90Y-labeled monoclonal antibodies prepared using this ligand.

146



40

CO
o
-a

03

+
0)
U

30

20

10

0

• 6hr
E3 24 hr
K3 48 hr
fca 72 hr
D 5 days
D /days

Tumor Liver Femur Marrow Blood Spleen Kidney Lung Heart Muscle L Int
Tissue

Slnt

Figure 1. Time course of tissue distribution of 90Y-labeled C017-1A (site-
specific NH2-Bz-DOTA-3A technique) in female nude mice bearing
SW 948 human colorectal carcinoma xenografts.

Compared to previously published data for the site-specific NH2-1B4M-DTPA
technique (4) (formerly referred to as the site-specific NH2-Bz-Mx-DTPA technique
(16)), which is being considered as a radiolabeling method for 90Y-CO-17-1A for
use in experimental clinical radioimmunotherapy trials, radiation absorbed dose
estimates for 90Y-CO-17-1A labeled by the site-specific NH2-Bz-DOTA-3A method
were similar for normal tissues (Table 1) and 50% higher for tumor (Table 2). As
with the site-specific NH2-1B4M-DTPA method, the radiation absorbed dose to the
radiation-sensitive bone marrow for 90Y-C017-1A labeled by the site-specific
NH2-Bz-D0TA-3A technique, 2.7 mSv/MBq, will limit the amount of activity of the
agent that can safely be administered. However, considering the fact that a
single dose of 9OY-CO17-1A produced by the site-specific NH2-1B4M-DTPA method at
the dosage level of 7.4 MBq per 25 grams of body weight has produced an 87%
reduction in the initial size of human colorectal carcinoma xenografts in nude
mice (3), it is possible that the additional radiation absorbed dose to tumor
resulting from 90Y-C017-1A prepared by the site-specific NH2-Bz-DOTA-3A technique
will give an extra therapeutic benefit and perhaps even be curative.

Although the radiolabeling yield in the preparation of 90Y-C017-1A described
in this paper was quite good, i.e., 70% subsequent experiments revealed the
radiolabeling results to be highly variable, the cause for which has yet to be
established. This problem, however, obviously must be resolved before the use of
90Y-C017-1A produced by the site-specific NH2-Bz-DOTA-3A technique can become
practical on a regular and widespread basis. This problem notwithstanding, the
increased tumor specificity of 90Y-C017-1A labeled by the site-specific
NH2-Bz-DOTA-3A technique, with resulting higher radiation absorbed dose estimates
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for tumor tissue, suggests that this method may have great potential for
radiolabeling monoclonal antibodies with Y-90 for radioimmunotherapy. Other
monoclonal antibodies should be radiolabeled with Y-90 using this method to
determine its general applicability.

Organ

Liver
Bone Harrow
Bone Surfaces
Spleen
Total Body

Table 1

Radiation Dose Estimates to Reference
Man for 9OY-CO17-1A Labeled by

Two Bifunctional Cheiate Techniques

Estimated Radiation Dose (mSv/MBq)
Site-Specific
NHZ-1B4M-DTPA

1.6
2.7
1.3
1.9
0.65

Site-Specific
NH2-Bz-DOTA-3A

1.4
2 .7
1.1
1.8
0.65

Tumor

Table 2

Tumor Dose as a Function of Mouse Tumor Mass
for ^Y-COlT-lA Labeled by

Two Bifunctional Cheiate Techniques

Size

(grams)

0

0

0

05

20

50

Estimated Radiation Dose OnSv/MBq)
Site-Specific Site-Specific

NH2-1B4M-DTPA

2800

4200

5500

NH2-Bz-DOTA-3A

4200

6400

8200
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RADIUM-223: AN ALPHA EMITTER FOR RADIOIMMUNOTHERAPY

Fisher DR1, Wester DW, Wai CM, and Hui TE1
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ABSTRACT

Two concerns have previously been cited for discounting the radionuclide
2Z3Ra (physical half-life - 11.4 d) as a suitable alpha-emitter for
radioimmunotherapy: the lack of any ligand for binding radium to its delivery
protein, and a suggested dosi.metric disadvantage due to the 36-min. half-life of
its unbound, third decay product, 211Pb. However, 223Ra can indeed be tightly
bound to a suitable ligand without dissolution of free Ra** in body fluids.
Moreover, the radiation dosimetry of a 223Ra-labeled monoclonal antibody should
be highly favorable for radioimmunotherapy, even with redistribution of 2uPb. In
addition, the 11.4-d half-life allows for iramunoconjugate preparation,
administration, and tumor localization by carrier antibodies before significant
radiological decay takes place. The short-lived decay products of 223Ra,
contribute to the estimated tumor/normal tissue dose ratio, and together with
223Ra, provide a cascade of 3-4 alpha particles per Ra atom that should be highly
effective in tumor cell-killing while sparing normal tissues. Photons from 223Ra
(in the 9aTc energy window) provide a means for tumor imaging and dosimetry.
Radium-223 may be produced economically and in sufficient amount for wide-scale
application. A generator system for on-site elution of carrier-free 223Ra has
also been proposed. (Work performed for the U.S. Department of Energy under
contract No. DE-AC06-76-RLO 1830, and by the Northwest College and University
Association for Science with Washington State University under DOE contract No.
DE-AM06-76-RLO 2225.)
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NATIONAL STANDARDS FOR DIAGNOSTIC AND THERAPEUTIC NUCLIDES
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Hoppes DD, Schima FJ and Unterweger MP

Ionizing Radiation Division, Physics Laboratory
National Institute of Standards and Technology,

Gaithersburg, MD 20899
U.S. Council for Energy Awareness*

ABSTRACT

National standards for radionuclides used in nuclear medicine are based on
activity measurements at the NIST (formerly National Bureau of Standards). Over
the past 15 years standards for the diagnostic radionuclides have been developed,
employing mainly 47r(e,x)-7 coincidence or anti-coincidence counting, as most of
the diagnostic radionuclides decay by isomeric transition (e.g. 9ftnTc) or
electron capture (e.g. l nIn). Recent interest in therapeutic uses of radionucl-
ides has focussed on high-energy beta-particle emitters of 1 - 3 day half-life.
A rapid method for accurately standardizing these nuclides has been developed.
The CIEMAT/NIST liquid-scintillation efficiency tracing method has been used for
90Y, 153Sm, 166Ho, 186Re and 188Re. Concurrently with the activity measurements, we
have measured half lives, probabilities per decay for key x- and gamma-rays, and
radionuclidic impurities.

INTRODUCTION

Radioactivity standards for nuclear medicine in the United States are based
on measurements at the NIST. Most standards for diagnostic radionuclides were
developed in the 1970's with support provided by the US and Canadian radiopharma-
ceutical manufacturers, under the auspices of the Atomic Industrial Forum (now
the US Council for Energy Awareness). This continuing program now includes six
maxtufacturers, one instrument company and one national radiopharmacy. This
program is similar to other research-associate quality-assurance programs between
NIST and industrial groups in many different measurement areas. Table 1 lists
the current participants and Table 2 lists the Standard Reference Materials
(SRMs) developed under this program. The major nuclides used in nuclear medicine
(such as 9anTc, 125I, 131I, 133Xe and 2O1T1) are made available at the same time each
year. Others, which are of more limited use, are available less frequently (e.g.
32P, 51Cr, and 67Ga). Ten different samples are distributed as SRMs of known but
undisclosed value (blinds) to each of the participants in the program. The
participants report their measured values to NIST and then a NIST report is
issued to each demonstrating measurement traceability. For nuclides of interest
to only one or two companies, calibrations are available at NIST, and samples can
be submitted to test the participant's value.
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Table 1. Participants in the NIST/USCEA Radioactivity Measurements Assurance
Program for the Nuclear Medicine Industry

Bristol-Myers Squibb Company
Arlington Heights, Illinois

Cintichem, Incorporated
Kanata, Ontario

Dupont Merck Pharmaceuticals Co.
Monrovia, California

Mallinckrodt, Incorporated
Chatsworth, California

Medi-Physics, Incorporated
New Brunswick, New Jersey

Nordion International, Incorporated
Tuxedo, New York

Radcal Corporation
North Billerica, Massachusetts

Syncor International Corporation
Maryland Heights, Missouri

Table 2. Radiopharmaceutical Standards, 4400 Series Standard Reference Materials

Radionuclide

Chromium-51
Gallium-67
Gold-195
Gold-198
Indium-111
Iodine-123
Iodine-125
Iodine-131
Iron-59
Lead-203
Mercury-203
Molybdenum-99
Technetium-99m
Phosphorus-32
Selenium-75
Strontium-85
Technetium-99tn
Thallium-201
Tin-113-
Indium-113
Xenon-133
Ytterbium-169

Half-Life

27.702 d
3.261 d
183 d
2.696 d
2.805 d
13.221 h
59.6 d
8.021 d
44.51 d
51.88 h
46.60 d
65.92 h

14.29 d
119.8 d
64.854 d
6.007 h
72.91 h
115.08 d

5.243 d
32.03 d

Approx. activity
Concen. (Bq g"1)
at Time of
Dispatch

3 x 106

3 x 106

5 x 105

4 x 106

5 x 106

6 x 107

1 x 106

5 x 106

8 x 105

3 x 106

1 x 106

2 x 107

2 x 106

1 x 106

1 x 106

1 x 109

4 x 106

1 x 106

5xlO8 Bq total
2 x 106

Overall
Uncerc.

(%)

0.7
0.8
2.3
1.7
0.7
1.5
1.0
0.9
1.5
1.0
1.0
1.0

1.2
2.8
1.4
0.9
1.6
3.1

1.0
1.3

SRM No. of
Last Issue

4400LK
4416LK
4421L
4405LB
4417LJ
4414LC
4407LO
4401LP
4411LB
4420LB
4418L
4412LP

4406LK
4409LD
4403LB
4410HP
4404LL
4402LC

4415LN
4419LC

Figure 1 is a histogram showing program results prior to 1988 and Figure 2
shows results after 1988. The number of seriously discrepant results occurring
each year since the beginning of the program has decreased except for 1981. The
1981 increase was due to the submission of multiple poor results from one
participant as well a' problems with the measurement of 125I, which can be
difficult to measure because it decays by electron capture (EC) with emission of
only low-energy radiations.
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U'ith a few exceptions,
the participants as a
whole have done very
well during the past
10 years and their
measurements should
continue to improve.
In mid-1981, the
agreement between
NIST and the USCEA
was modified to
recover SRM production
costs so that the
program could become
self-supporting. This
benefits: not only
current sponsors of
the program, but also
hospitals and other
users of NIST
radiopharmaceutical
SRMs by having the
standards available on
a regular continuing
basis. Participants
in this program have
derived many benefits
since its inception in
1975. Through the
measurement of blind
samples, which
demonstrate
traceability
to NIST, the companies
have made it easier to
comply with regulatory
requirements of the
FDA and NRC when
applying for new drug
applications. They
also receive monthly
feedback on measurement
procedures so that they
can promptly determine
if their measurement
procedures or
instruments have gone
awry. When results are
satisfactory, they are
reassured and confident
of their ability to make
good measurements and
provide accurately-
dispensed products.
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Figure 1. Results prior to 1988 for participants in
the NIST/USCEA radiopharmaceutical SRM
program
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Figure 2. Results 1988-1991 for participants in the
NIST/USCEA radiopharmaceutical SRM program
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DIAGNOSTIC RADIONUCLIDES FOR NUCLEAR MEDICINE

Since the beginning of the program, many standards for diagnostic radionuc-
lides have been developed. Radioactivity standardizations have been carried out
using direct methods such as 4jr(e,x)-7 coincidence counting, a.s most of the
diagnostic radionuclides decay by electron capture (EC) (e.g. 123I) or isomeric
transition (IT) (e.g. 9aTc) (2, 14). Two major uses of diagnostic nuclides are
SPECT (single photon emission computed tomography) and PET (positron emission
tomography). The principal physical requirements for SPECT radionuclides are
short half life (6 hours to 3 days), suitable gamma-ray emissions for imaging (80
- 150 kiloelectron volts), and a minimum of high-energy electrons and beta
particles that contribute to patient dose but give no diagnostic benefit.

Two ideal radionuclides
that also have the proper
chemical characteristics
for incorporation into
Pharmaceuticals are 99mTc
(6.007 hours) and 201Tl
(72.91 hours). Ti .•_ 99mTc
is used for the maj ority
of diagnostic studies,
ranging from bone scans to
kidney function. Thallium-201
is widely used for imaging in
cardiac studies. Both 99tt*Ic
SRM 4410 and 201Tl SRM 4404
are distributed on a regular
basis as part of the
NIST/USCEA Radiopharmaceutical
Program. Figure 3 shows a
typical sequence by which
201Tl SRMs are prepared from
the bulk material obtained
from a cyclotron at one of the
participating manufacturers.
National standards for 201Tl
from the US, United
Kingdom and Germany were
recently intercompared (9).
In addition, NIST has carried
out blind intercomparisons
on the national level, with
sponsorship by the Center
for Devices and Radiological
Health of the USFDA (6).
These studies have shown that
participating calibration
laboratories can accurately
assay the radionuclide. It is
also important to be able
to measure the radionuclidic
impurities, as 200T1 and 2O2T1
are normally present in the
radiopharmaceutical.

"*n In 0.9% N a d
voL 0.720 mL
Supplier NordiOQ Iateniartnnal.ranaffa
received at NIST 603190
( » pL of cone HCL added)

diluted with 60 mLlM nitric add

Preparation of high level ampoules
4.239 x 10'Bqf 1 1300 EST June 19,1990

Dilution of a nigh level ampoule
dilution boor - &3162

Preparation of low level ampoules
6.711 X

o
1300 EST June 19, 1990

preparation of impurity check sources

Figure 3. Preparation of Tl-201 radioactivity
Standard Reference Material SRM 4404
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Radionuclides for PET Include the very short-lived positron emitters (< 2
hours) nC, 13N and 18F. Of these, NIST has only standardized the 2-hour 18F (4).
Other nuclides under investigation include positron emitters from a radiochemical
generator, such as 68Ge-68Ga and 82Sr-82Rb. NIST has developed calibrations for
the 82Sr-8ZRb system (15) and is interested in 66Ga and 68Ga as well.

THERAPEUTIC RADIONUCLIDES FOR NUCLEAR MEDICINE

Most recent development work has focussed on therapeutic nuclides for
nuclear medicine: radioimmunotherapy, bone palliation, bone-marrow ablation, and
radionuclide synovectomy. The resurgence of interest in these so-called "magic
bullets" is because of great improvements in tissue-specific agents, such as
monoclonal antibodies, and organ-specific pharmaceuticals, such as bone-seeking
diphosphonates. The nuclides under consideration are mainly short-lived, high-
energy, beta-particle emitters. Table 3 lists some of the candidate nuclides
from Adelstein and Kassis (1) and Volkert et al (16). The requests to NIST for
new standards have come from companies involved in new drug development, from
medical institutions investigating new agents, and from national laboratories and
university-based cyclotrons and reactors engaged in producing these new nuclides.
NIST has recently developed standardizations for 153Sm (8), 166Ho (3), 186Re (11),
and :88Re (10), by the CIEMAT/NIST method of 4jry3 liquid-scintillation (LS)
efficiency tracing with 3H (7).

Table 3. Status of calibrations and Standard Reference Materials from NIST for
some candidate radionuclides for therapy

Radionuclide

32p

89Sr

1Z5J

1 3 1 I

153Sm

166Ho

1 8 6Re

188'Re

211At

212Bi

Half Life

14.29 days

50.5 days

64.0 hours

59.6 days

8.021 days

46.27 hours*

26.77 hours*

89.25 hours*

17.01 hours*

7.2 hours

60.6 minutes

SRM

SRM

Calibrat ion

SRM

SRM

Calibracion

Calibration

Calibration

Calibration

None

None

* NIST measured values.
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The principle of the hnf) liquid-scintillation efficiency tracing method is to
calculate the counting efficiency for a two-phototube LS counter from a simple
model, which includes the electron detection efficiency of the counter
(photoelectrons produced per keV deposited) and the theoretical beta-particle
energy distribution of Fermi:

ec = lf*-*P(Z,E) x[l-exp(-Ei\Q(E) W{E))fdE\

'*~aP(Z,E)fj'*

where P(Z,E) dE is the Fermi distribution function in the case of an allowed beta
decay,

r) is the Figure of Merit, photoelectrons per keV,
Q(E) is the ionization quenching function to account for the

differences in light yield for electrons as a function of energy (12)
and

W(E) is a wall'correction term, taken here as unity.

LS measurements are made with a Beckman LS 78OO1 counting system with two-
phototubes that function in coincidence, a logarithmic amplifier, and an external
137Cs source for quench monitoring. The LS counter is calibrated with 3H
standards to establish coincidence counting efficiency as a function of
quenching.

The beta spectral distributions for two of the four rare-earth nuclides used
in the bone-seeking diphosphonates are shown in Figure 4. These were calculated
using program EFFY2 (12) and do not include the contributions from gamma rays or
conversion electrons that would be present in measured spectra. Yttrium-90 and
131I labelled monclonal antibodies are also being evaluated for therapeutic uses.
For all these beta-emitting nuclides, the detection efficiency in conventional
liquid scintillators is quite high. Figure 5 shows the liquid-scintillation
spectra for 166Ho and 188Re obtained for unquenched samples in a Beckman LS7800
counter. (This counter has a logarithmic amplifier, which accounts for the
marked difference in spectral shape from the Fermi energy distribution.) For all
of these nuclides the beta-particle detection efficiency is greater than 99%,
which enables NIST to offer calibrations with overall uncertainties of less than
2%. (The overall uncertainty is intended to approximate a three-sigma confidence
limit. It is formed by estimating the standard error, following the method of
Giacomo (13), and multiplying this result by three.)

1 Mention of commercial products does not imply recommendation or endorsement by
the National Institute of Standards and Technology, nor does it imply that the
products identified are necessarily the best available for the purpose.
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Figure 4. Beta-particle energy distributions for
166Ho and 188Re calculated with program
EFFY2 from CIEMAT in Madrid.
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Figure 5. Liquid-scintillation spectra observed for 166Ho and
188Re using a Beckman LS 7800 counter with logarithmic
amplifier. For 166Ho, spectra No. 1 and No. 10 refer
to unquenched and quenched samples, respectively.

In addition to standardizing the nuclides for activity, NIST measures photon
emission rates with calibrated Ge and Ge(Li) semiconductor detectors, and half
lives with a pressurized ionization chamber. The sources are directly related to
solutions standardized by liquid-scintillation counting. The NIST photon-
spectrometry systems have been calibrated using SRM 4275, consisting of a
radionuclide mixture of 15*Eu-155Eu, 125Sb (4), as well as other single
radionuclides. Some changes in basic data that have resulted from the NIST work
are shown in Table 4.
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Table 4. Nuclear Decay Data for Use in Radioactivity Measurements by Gamma-Ray
Spectrometry.

PROBABILITY PER DECAY

RADIONUCLIDE

67Ga
82Rb
"Mo
i o 9 p d

ii*.In

123 ] [

153Gd
153Sm
15*Eu
1 5 5Eu
166Ho
169Yb
1 8 6Re
1 8 8Re
2oi T 1

203p b

ENERGY, keV

93
776
740

88
190
159

97
103

1274
87
81

198
137
155
167
279

OLD VALUE

0.36 (2)
0.135 (5)
0.128 (8)
0.0372 (11)
0.159 (4)
0.834 (4)
0.313 (19)
0.283 (6)
0.355 (13)
0.309 (19)
0.062 (4)
0.349 (12)
0.095 (15)
0.15 (8)
0.106 (5)
0.768 (8)

NIST VALUE

0.392 (5)
0.149 (4)
0.1206 (9)
0.0365 (3)
0.156 (2)
0.329 (5)
0.303 (4)
0.298 (4)
0.348 (2)
0.311 (4)
0.0655 (7)
0.355 (4)
0.0945 (8)
0.159 (1)
0.099 (1)
0.810 (8)

CHANGE %

+9
+10

-6
-2
-2
-1
-3
+5
-2
+1
+6
+2
-1
+6
-7
+5

It is important to accurately identify and quantitate radionuclidic impurities in
radiopharmaceuticals that limit the useful shelf life of the product and lead to
unwanted patient dose. At NIST, each radionuclide standard is assayed for
impurities as soon as possible after receipt of material, in order to see short
half-life nuclides, and a second time after the samples have substantially
decayed to detect the long-lived impurities. Listings of impurities are made
available on SRM certificates, which allow producers to: a) judge the
effectiveness of their chemical cleanup, b) consider the impact of impurities on
their dose calibrator measurements, and c) include accurate information on
impurities on their package inserts for the radiopharmaceutical.

Sealed ampoules are measured on the NIST "4JT"7 ionization chamber for
several half lives. The ampoules are checked for radionuclidic impurities with
Ge and Ge(Li) spectrometers, and the ionization chamber data are corrected for
the impurities. NIST measurements of the half lives of several therapeutic
radionuclides are listed in Table 3.

CONCLUSIONS

NIST provides important elements in the nation's quality assurance programs
for diagnostic and therapeutic nuclides in nuclear medicine. The most visible is
the NIST/USCEA program for radiopharmaceutical SRMs. As a result of the
NIST/USCEA program: a) each company's measurements are in better agreement with
those of other participating companies, b) measurement uncertainties are reduced,
c) traceability to NIST demonstrates a participant's measuring abilities when
submitting New Drug Applications to the FDA, and d) evidence is provided of
compliance with requirements of the NRC, the U.S. Pharmacopeia, and other Federal
and State agencies.
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In addition to quality assurance proficiency tests (round rjbins), NIST
undertakes basic research to develop new methods of standardizing radionuclides
for diagnostic and therapeutic applications. These studies include measurements
of key decay-scheme parameters, such as half lives and gamma-ray emission
probabilities, and identification and quantitation of radionuclidic impurities.
The overall aims of this program are to ensure that measurement technologies are
sufficiently accurate for diagnostic and therapeutic radiopharmaceuticals used in
U.S. health care.
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DISCUSSION OF PAPERS BY A.V. HEAL, L.C. WASHBURN, D.R. FISHER, AND B.M. COURSEY

CARRASQUILLO: Dr. Heal, what is the correlation of the dose estimates with the
observed toxicity?

HEAL: We did not see an effect on bone marrow with the amounts of activity we
used. Our dosimetry makes us feel that we are probably too low in the activity
that we are giving.

CARRASQUILLO: What was the maximum activity that you gave?

HEAL: 100 millicuries.

CARRASQUILLO: What was your maximum dose estimate at that 100 millicuries?

HEAL: We kept our estimated maximum dose to bone marrow at around 250 rads.

CARRASQUILLO: Did you use S values that were developed for the peritoneum as a
source organ to make your dose estimates?

HEAL: We are in the process of looking at the S-values developed at ORAU and
comparing them to what we did use, but we did not use the ones that were done
here.

CARRASQUILLO: What was the effect of the IP fluid on the dose estimates?

HEAL: We did account for the contribution of the IP fluid to the organs and
tissues in the peritoneal cavity based on the retention time of the activity in
the peritoneal cavity. The contribution was significant but not great.

CHEN: I have a comment for Dr. Washburn. From our patients treated with
Y-90, we found mouse data for bone marrow did not work for patient dosimetry.
For some patients the activity time is longer than six hours so you should make
that correction for infusion time.

WASHBURN: I agree that in many cases animal data are a poor substitute for human
data. However, in order to gain the approval to initiate human studies, one must
first accumulate and submit radiation absorbed dose information based upon animal
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tissue distribution data. I believe that animal data are also useful for
comparing the usefulness of different radiolabeling methods, which was the
purpose of the study I have reported today.

HANNAN: Dr. Heal, was the kinetics of the test dose similar to the kinetics seen
with the therapeutic dose?

HEAL: In general, the therapeutic administrations that followed the test dose by
about 7 days showed a lower percent uptake of the injected activity in the blood
and a longer blood clearance time, but this was highly variable. All other
parameters remained fairly consistent with the test dose.

CARRASQUILLO: I'm not sure if I understood Dr. Hannan's question. I thought
that his question was based on your test dose. How did your test dose compare to
your treatment dose?

HEAL: Actually, the test dose estimates appear to be higher per millicurie than
we actually saw when we treated the patient. v

HOSAIN: I have a question for Dr. Fisher. Have you considered Ra-224 which has
a half-life of about 4 days for the same purpose as Ra-223? The rate for Ra-224
will be better than Ra-223. Which would be better for therapy?

FISHER: We did look closely at Ra-224 and its decay chain. Although its
physical hall-life (3.66 d) is ideal for radioinununotherapy, it decays to a
56-sec radon-220 (mean life 80 sec). This radon daughter is inert and could
easily diffuse away from the desired target, taking with it the remainder of its
decay chain daughters. It also h<is a 10.6-h lead-212 daughter, which
subsequently decays to another a-emitter. Out-migration reduces the therapeutic
dose ratio and makes this decay chain undesirable for radioimmunotherapy.

FEINENDEGEN: Dr. Washburn, which depth-dose distribution data did you select for
your dose calculation? I mean the dose ranges around a point source of Y-90.

WASHBURN: I would like to defer this question to one of our dosimetrists, Dr.
Stubbs or Mr. Stabin.

STABIN: We used the point kernels of M. Berger as given in MIRD Pamphlet No. 7.

VESSELS: I just have a general comment. I think we are having some trouble
dealing with animal models and how they apply to humans in the clinical
situation. Let me just say one thing to Dr. Heal, I think the percent injected
activity per gram is an underspecified unit and you have to do some kind of mass
scaling. One of the ways you can scale is to the toxicity of the host, either
the mouse or the human subject. For instance 10 percent injected activity per
gram in a mouse tumor might be equivalent in microcuries per gram to something
like 0.02 percent injected activity per gram. Youv scaling with percent injected
activity per gram probably wasn't the best thing to do. If you do percent
injected activity per organ, that makes a little bit more sense. 'Ja've suffered
through this a little bit. We've looked at ratios to MTD. An example of what
one might do is to look at how an antibody performs in a mouse, how the antibody
and its radiolabel performs in the clinic, and then you might use this to predict
what happens in the clinic; change the radionuclide, put it into the mouse, use
the ratio from the former example and predict what might happen to the human. I
think there are some better things to do with animal data and how it is applied
to the human situation*
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BRILL: It seems to me when you are talking about substances, for instance
gallium citrate, that are not involved with immunological systems it is a little
bit more reasonable to make extrapolations from animals to man. In the DOTA
circumstance that Lee Washburn was talking about, my understanding is that when
it has been used in patients it has turned out to be highly immunogenic and the
properties that one thinks about in terms of the mouse studies just weren't
realized. Maybe Lee can correct me if I am wrong. So, it is very difficult to
map any immune systems between animals and man.

WASHBURN: You are referring to the DOTA chelator developed by Dr. Claude Meares
and his colleagues at the University of California at Davis. The bifunctional
chelate reagent we are studying, p-NH2-Bz-DOTA-3A, is a triacetic acid analog
ofthe Meares compound, which is a tetraacetic acid. Whether or not our chelator
will have similar immunogenicity problems in humans remains to be determined.

VESSELS: Let me just add to that. We have looked at FAB fragments, FAB2
fragments, IgGs in mouse and humans and also surveyed the literature. The
clearance time and the residence time were remarkably similar for each class. In
other words, in the mouse and in the human a FAB looks the same, in the mouse and
the human FAB2 looks the same and so does an IgG with error bars of up to 50%. I
know that Dr. Lathrop talked about residence times not being the same in mouse
and humans. They are remarkably similar with radiolabeled antibodies.

NAYLOR: Just a comment really to excuse the somewhat crude approach that we use.
I must emphasize that we are not concerned with the accurate estimation of
therapeutic doses. We are ensuring that very small doses to healthy volunteers
do not exceed a prescribed limit. Therefore, we are satisfied with a crude but
pessimistic model. Just remember very small doses are used as a tracer. If we
use large doses therapeutically, obviously we want to be much more accurate in
our work. If we were concerned with the realistic quantification of higher
doses, a method similar to that described by Dr. Heal would certainly be more
appropriate.

VESSELS: The ratios that you showed between primates and rats, etc. I think were
very important. This also has to be factored. You provided very useful
information that I have not seen before.

WASHBURN: I agree with your statement regarding the problem of using the % of
injected activity per gram unless one normalizes the data as we did to a certain
animal weight. In our case that was 25 grams for a mouse, and a normalization
factor was used in the extrapolation from animal to human.

FISHER: In followup to one of Dr. Carasquillo's questions, it is important not
to use S-factors developed for the human when calculating doses to the mouse.
Also, I would like to add to my answer of the question on Ra-224. I don't
remember the half-life of radon-220, but I think it is at least an hour, isn't
it?

ATCHER: It is a minute.

FISHER: It is a minute, but some of the other daughters are longer. The nice
thing about Ra-223 is that as soon as it decays there is essentially a cascade of
three quick alpha particles, which is very desirable for therapy.

HAY: I just wanted to comment that while it's an intriguing idea to compare
biodistributions of one macromolecule labeled with two different radionuclides,
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one has to be careful that the different radiolabeling chemistries don't
differentially alter the molecule's biological behavior. It may not be such a
problem in monoclonal antibodies, but it has certainly been a problem for us.

WONG: I have a comment and question for Dr. Fisher regarding the radiobiology of
alpha versus beta emitters. Tumors in general have less repair capacity than
normal tissue. A low-dose-rate beta irradiation may act like fractionated
external beam and you may have differential sparing of normal tissue relative to
tumor. I think that helps the therapeutic index. For alpha emitters you lose
that capability and the therapeutic index is solely determined by the amount of
antibody targeting to tumor relative to normal tissue. My question is do you
think that given the current tumor-to-organ ratios we are now able to use alpha
emitters as a viable therapy option at this point?

FISHER: I think I should speculate that better antibodies will be developed in
the future. We've done some preliminary estimates based on current antibodies
and it looks quite favorable. The big question is can the an"ibodies selectively
target all the cells in the tumor and not leave some untargeted out of range?
This is a question that hasn't been answered yet. I think it looks very positive
that alpha particle emitters will be successful not only for micrometastases and
diffused tumors such as leukemia but also some solid tumors as well.
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DISTRIBUTION OF IONIC INDIUM AND GALLIUM
IN PREGNANT AND NONPREGNANT ANIMALS

K.A. Lathrop, B.M. Tsui, and P.V. Harper
The University of Chicago, Department of Radiology

Chicago, Illinois 60637

ABSTRACT

This report provides data for total body distributions of intravenously
administered, chemically similar, radionuclides of ionic indium and gallium in
pregnant and nonpregnant mice; placental transfer to fetus versus time in mice,
and uptake of activity in the feto-placental unit of the guinea pig, monkey, and
human. In pregnant mice, which were studied in detail, there is marked
sequestration of both indium and gallium in the feto-placental unit, especially
toward the end of pregnancy. Renal hypertrophy associated with pregnancy further
distorts the biodistribution. These findings were consistent with less detailed
observations in other species including the human. Such observations indicate
that biodistribution data for nonpregnant subjects are not reliable when
calculating absorbed doses for pregnancy; and that distribution data for one
element of a chemical group cannot be substituted for another element of that
group.

INTRODUCTION

A physician, in caring for a pregnant patient, may be faced with the
difficult decision of denying an indicated nuclear medicine examination for the
mother in order to protect the fetus from exposure to radiation. Reliable data
for making such decisions are obviously unobtainable in the human through use of
acceptable scientific procedures. However, data collected with laboratory
animals may serve as useful indicators in assessing the human situation.
Radionuclides of two elements belonging to group IIIA of the periodic table have
received significant use in nuclear medicine. A firm base of biological
distribution data is needed in order to make realistic radiation absorbed dose
estimates and to decide which nuclide may be best for a particular examination.
The decision will rest on considerations of the relative percentage localization
in an area of interest, the photon yield for imaging purposes, and the
accompanying radiation dose to the area and to other regions of the body. Using
mice, whole body and individual organ retention data, and urinary and fecal
excretion data, may be obtained relatively easily. Furthermore, quantitative,
i.e., 100% ± 5%, recovery of injected activity is more readily achievable than
with large animals. These data from mice will serve as indicators for less
exhaustive investigations in larger animals. Finally, data from several species
may allow extrapolation to the human1 2. This paper is devoted to reporting
data for radionuclides of ionic indium (*In) and gallium (*Ga) obtained with
pregnant and nonpregnant mice, and pregnant guinea pig, monkey, and human. No
attempt to extrapolate to humans is presented in this paper.

EXPERIMENTAL PLAN AND METHODS

Adult female white mice, average weight 2Sg, were used throughout this
study. Mice were used because they cost less to buy, to feed, to house, and
require use of less radioactivity than do other laboratory animals. Pregnant
animals were obtained by placing male and female animals together for 24 hours,
then removing the females exhibiting a vaginal mucus plug. Two radionuclides of
each element, Table 1, were used for the biodistribution studies, the shorter
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lived ones for the early 0.25-9 h, time points. To determine that both the short
and long lived radionuclide preparations gave identical biodistribution data,
studies were made with each at one time point. Injection of radioactivity to
pregnant mice was made on the 20th

day of pregnancy, i.e., one day Table I.
prior to expected spontaneous
delivery, for short time studies,
and on the appropriate day before
expected delivery for studies done
on days 2 through 6. A syringe
containing the activity in about
0.1 ml of 0.05N HC1 solution was
prepared for each animal. Syringes
were counted before and after
injection to obtain values for the
percent of activity injected (%1A).
A vein of the tail was used for the
injection and the tail assayed to
reveal possible tissue infiltration
of activity. Animals were
sacrificed by exsanguination
through cardiac puncture,
withdrawing as much blood as
possible, usually 1 to 1.3 ml.
Each organ, on removal, was placed in a preweighed closed container, and its
weight found by difference after reweighing. Specimen were assayed for activity
by counting in a well counter, using an appropriate aliquot of the injection
solution counted in the same geometry, to yield results expressed as %IA/organ.
Urine and feces were collected for assay throughout the observation period.
Groups of three animals each were used to obtain distribution data for each time
point, i.e., 0.25, 0.5, 1.5, 3.0, 6.0, 9.0, 24, 48, 72, 120, andl44hrs. The
total recovery of injected activity for each animal entered into the data base
was 100% ±5%.

The transfer of activity to the placenta and fetus was observed
independently in another group of mice and the data reported as %IA in placenta
and fetus, and as the placenta/fetus ratio.

Using the SAAM-27 program5, linear compartmental models, with associated
rate constants, were constructed and fitted to the data points for ep-.h of the
four experimental groups, i.e., *Ga nonpregnant, *Ga pregnant, *In nonpreenant
*In pregnant. r & ,

A few quantitative observations on feto-placental unit uptake of *In and *Ga
were made in the guinea pig and monkey. A pregnant monkey, purchased from a
breeding colony soon after fertilization was transferred to the University of
Chicago animal quarters. A few days before expected spontaneous delivery, she
was sedated and injected intravenously with 0.61 jiCi of *Ga contained in 0.05N
HC1. Digital images were collected over the abdomen with a scintillation camera.
Three days later the «ame procedure was repeated using *In. A value for the %IA
was obtained from the counts in the area containing the feto-placental unit,
after background substraction, compared with a known fraction of the injection
solution. A similar study was conducted in a patient referred to the nuclear
medicine laboratory for placental evaluation from which qualitative data were
obtained at 10 m and 5 h.

EXPERIMENTAL RESULTS AND DISCUSSION

Because the blood distributes activity throughout the body, its loss of
activity reflects the dynamics of transfer to and from various organs and to
excretion. The time-activity curves determined for the blood in each of the four
groups of mice are shown in Figure 1. Note differences in scales for the
two graphs when comparing localizations. For a 28 g mouse the theoretical %IA/g
at time zero is 51%, assuming a blood volume of 7% and instantaneous mixing for
100% of the injected activity in the blood. The time zero %IA/g for pregnant
mice is about 40%. Although these time points should appear on the graphs at
time zero, they are not easily shown, but should be borne in mind when looking at
the curves. These two points must be considered when resolving the curves for
components.
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Figure 1.

The concentration of activity in various organs of nonpregnant mice is shown
for the two elements as the %IA/g of tissue in Figures 2a and 2b. A four times
greater concentration of *In over *Ga in the kidney is the most obvious
difference between the two. For stomach, intestine, lung, and heart the
concentrations are about the same initially, but with Ga begin to fall between 24
and 48 hours. The concentrations for liver, spleen, and uterus are within the
same range throughout the observation period.

Data for uptake and retention of activity by various organs of pregnant and
nonpregnant mice were converted to values for the ratio of the %IA/g tissue
divided by the %IA/g blood. These values were then plotted as time versus the
ratios in order to compare the deposition of activity from blood to tissues for
the two elements. An initial point of zero concentration at time zero, which
ideally would be shown on the graph, is an impossibility on a semi-log plot, but
must be considered when analyzing the data. The %IA in the organ is equal to the

Table II.

LOCALIZATION OF *In AND *Ga IN MOUSE FETUS AND PLACENTA

Hours

After
i.v.

Iniection

0.25

0.50

1.5

3.0

6.0

9.0

16.

18.

24.

48.

120.

Placenta

%IA/g

13.

22.

28.

30.

26.

23.

32.

38.

18.

*In

Fetus

&IA/K

0.50

0.73

0.51

0.68

0.57

1.3

1.3

4.8

18.

Placenta
Fetus

25.

30.

54.

44.

46.

18.

24.

7.8

3.0

Placenta

%IA/g

7.1

13.

12.

12.

21.

18.

19.

14.

14.

*Ga

Fetus

%IA/g

1.2

1.3

1.5

2.0

3.6

6.8

7.2

14.

17.

Placenta
Fetus

5.9

9.1

5.9

9.1

8.3

5.8

5.8

2.6

1.0

0.82
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ratio at a
specified time
multiplied by
the blood %IA
for that time
multiplied by
the organ
weight in
grams.
Tissue:blood
ratio curves
determined with
these studies
are shown in
Figures 3
through 7.
Similar curves
are given for
the placenta
and fetus in
Figure 8.
These ratio
curves indicate
that *Ga and
*In are
concentrating
in intestine,
spleen, uterus,
fetus, and
placenta around
ten times over
the blood
concentration:
and about 100
times for

kidney, and liver. It is interesting that, although the uptake of activity in
the uterus is about twice as fast and twice as much in pregnancy, the increase in
uterine weight from 0.17g for nonpregnant mice to 1.4g at end of pregnancy,
results in a smaller %IA/g for the pregnant animals. Other mouse organs found to
in'. lease in weight during pregnancy are kidneys, 0.24 to 0.46g, and liver, 1.4 to
2.3g.

The uptake of activity by the placenta
and by the fetus is viewed separately
in Table II in terms of %IA/g. This tabular
presentation may allow a more obvious
realization for the magnitude of changes and
the activity resident with time in the
placenta and fetus. The placental activity
tends to be higher for *In, and the fetal
activity higher for *Ga during 48 hours after
injection. Transfer of activity from
placenta to fetus is more rapid for *Ga than
for *In. Placenta:fetus ratios for *In are
approximately four times higher than for *Ga
and tend to decrease for both after about 24
hours. The finding that the placenta:blood
ratios are nearly the same for both elements
possibly indicates that the concentrating
mechanism is the same for *In and *Ga, but
the higher blood values for *In allow a
larger amount to be deposited in the
placenta.

Localization in the feto-placental
units of a guinea pig 5 h after injection of
*In are shown in the scintigram in Figure 9.
The five fetuses each attached to its

placenta were located in the bicornate uterus as diagramed. The uptake of
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activity in each of the excised units ranged between 5.9% and 8.0%, totaling
34.8%.

A scintiscan made with a monkey shows a lateral view of the feto-placental
unit, Figure 9, center. Some quantitative studies in the monkey with *In and *Ga
are summarized in Table III. In this study, a larger fraction of the injected
*In localizes in the feto-placental unit than does *Ga. To compare the monkey
data with the mouse (Table II.), the mouse values must be converted to %IA for
the feto-placenta unit. An average mouse fetus weighs ~1.4g; an average
pregnancy has ten fetuses; each placenta weighs -O.l i i l f
l l i h f 1 5 4 Th i d i

p g y p g g
placental weight of 15.4g. These considerations result

Table III

*In AND *Ga IN MONKEY FETO-PLACENTAL UNIT

Hours after i
Injection

In *Ga

.08

.25

.40

.82

1.1

1.6

2.0

3.0

24.

50.

19.

19.

14.

18.

7. 4

11.9

6.8

6.9

5.6

5.4

5.0

giving a total feto-
in a feto-placental
localization of 34%IA for
*In in the mouse at 6 h;
75% for *Ga in mice.
Qualitative uptake of *In
in a human at 10 m and 5h
shows disappearance of
activity from the blood
and selective localiza-
tion in the feto-placenta
unit. Scintiscans
showing the localization
of In-113m in guinea pig,
monkey, and human appear
in Figure 9.

Results of compart-
mental modeling with the
SAAM-27 program are shown
in Appendices la and lb,
where the rate constants
are given as the fraction
of activity transferred
per day during the five
day observation period.
Note that, although the
rates vary among the
groups, the analysis
indicates a one

FIGURE 9. LOCALIZATION OF *IN IN FETO-PLACENTAL UNITS OF GUINEA PIG (L). MONKEY, AND HUMAN (R)
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directional transfer of activity from the blood to the heart, kidneys, liver,
lungs, and spleen, for all four groups of mice. In each group a two directional
transfer is noted between the blood and stomach and between the blood and uterus.

Intestinal transfer for *Ga is one directional from the blood and there is
fecal excretion, but for *In the transfer is two directional and there is no
fecal excretion. This modeling of the data is a preliminary attempt which, with
further effort, might yield different results.

CONCLUSIONS

We have attempted to present a comprehensive study for the localization of
*In and *Ga in one species, the mouse, which may serve as a guide line, when used
with data from other species, or when extrapolated to the human, for the risk to
the individual patient or worker, and to the fetus. At this time we are not
attempting to attach values to such risks. We hope this data base may be useful
to other investigators in their own work.

In this respect, references to isolated findings in other publications will
be summarized here, as of possible value for extrapolating to the human
situation. Lathrop, et al.-, in 1970, reported an uptake of *In in the mouse
uterus with contents of 17% at 15 min. after i.v. injection to mice in the last
trimester. In the same year, Graber, et al.-, reported placental uptake of
indium transferrin in the rat. Mahon, et al.6, in 1973, noted the following
placental and fetal uptake at lh after intravenous injection of Indium-113m-
gluconate or of Ga-68-citrate to rabbits in the third trimester of pregnancy:
placenta, 1.97%IA/organ for *In, and 0.68% for *Ga. Corresponding fetal uptakes
were 0.03% for *In, and 0.02% for *Ga. Newman, et al.1, in 1978 noted
qualitative uptake of Ga-67 in the region of the placenta on scintiphotos from a
patient being examined for malignant lymphoma. Wegst8 in a comprehensive paper
published in 1980, gives values of -45% placental localization of *Ga in rabbits
during the last trimester; and, approximately 5% in the fetus.

Larson and Schall9, and Fogh , in 1971, reported on the occurrence of Ga-
67 in breast milk after diagnostic administration to the lactating mother. Tobin
and Schneider11, in 1976, reported a biologic halftime of 9h for Ga-67-citrate
in human milk.
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APPENDIX IA.

LINEAR COMPARTMENTAL MODELS IN PREGNANT MICE
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APPENDIX I B .

LINEAR COMPARTMENTAL MODELS IN NONPREGNANT MICE
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RADIATION ABSORBED DOSE TO THE HUKAN FETAL THYROID

Watson EE
Oak Ridge Associated Universities, Oak Ridge, TN 37831-0117

ABSTRACT

The embryo/fetus is recognized to be particularly susceptible to damage from
exposure to radiation. Many advisory groups have studied available information
concerning radiation doses and radiation effects with the goal of reducing the
risk to the embryo/fetus. Of particular interest are radioactive isotopes of
iodine. Radioiodine taken into the body of a pregnant woman presents a possible
hazard for the embryo/fetus. The fetal thyroid begins to concentrate iodine at
about 13 weeks after conception and continues to do so throughout gestation. At
term, the organic iodine concentration in the fetal blood is about 75% of that in
the mother's blood. This paper presents a review the models that have been
proposed for the calculation of the dose to the fetal thyroid from radioisotopes
of iodine taken into the body of the pregnant woman as sodium iodide. A somewhat
different model has been proposed, and estimates of the radiation dose to the
fetal thyroid calculated from this model are given for each month of pregnancy
from 123I, 12*I, 1Z5I, and 131I.

INTRODUCTION

Before authorizing a nuclear medicine procedure for a woman of childbearing
age, a physician tries to determine whether she is pregnant so that the benefit
to the patient can be weighed against any risk of detrimental effects in the
fetus. To make a judgment about the risk to the fetus from a radiophanaaceutical
administered to the mother, the physician needs an estimate of the radiation
absorbed dose received by the fetus and some information about the possible
effects of ionizing radiation on the fetus. The National Commission on Radiation
Protection and Measurements (NCRP) stated in their Report No. 54 (1) that below
10 rad the increased risk of congenital defects is very small in comparison to
the normal risk of such defects in all babies and that only above 15 rad is the
risk significantly increased above control levels.

Of particular interest is the dose from radioisotopes of iodine taken in as
sodium iodide because these isotopes readily cross the placenta and are taken up
by the fetus. At about 90 days after conception, the fetal thyroid begins to
concentrate iodine and continues to do so through the pregnancy. Calculation of
the absorbed dose requires knowledge about the distribution and retention of the
radioiodine in the woman and the fetus. Information is also required about the
fraction of the emitted energy thai: is absorbed in the fetus from radioactivity
in the maternal and fetal tissues.
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FETAL IODINE KINETICS

The number of nuclear transitions that occur in the source tissues is
essential for calculating the dose to the target tissues. This is often
expressed in terms of cumulated activity which is the time integral of the
activity in the source tissue and is proportional to the sum of the nuclear
transitions during a given time interval. Cumulated activity is determined from
the biodistribution kinetics of the radioactive material.

Iodine kinetics in the fetus are not well understood. Several studies have
been performed to determine uptake of iodide in the fetal thyroid (2-5). Evans
et al. (2) found that although the uptakes in the fetal thyroids were highest at
term, the concentrations were highest during the five to six month period of the
pregnancy. Dyer and Brill (3) and Aboul-Khair et al. (4) found a similar trend
in uptake values; however, neither reported any values beyond the sixth month.
Hodges et al. (5) measured the uptake of 1-131 in the thyroid of nine fetuses
that were aborted for therapeutic reasons. Book and Goldman (6) reviewed many
different studies and determined that the ratio of the fetal thyroid
concentration to the maternal thyroid concentration is about 1.2 at three months,
1.8 during the second trimester, and 7.5 in the third trimester. Stieve (7)
reported that the uptake within the fetal thyroid increases with the activity of
the thyroid gland from 0.025% during the third month to about 2% at term. Table
1 gives a summary of the fractions of iodide administered to the mother that are
taken up by the fetal thyroid at each month of pregnancy.

Table 1

Fraction of Iodide Administered to Mother
Taken Up by the Fetal Thyroid

Evans et al (2)
Dyer and Brill (3)
Aboul-Khair et al (4)
Hodges et al (5)
Book and Goldman (6)
Stieve (7)

3

0.00041
0.00032
0,00055
0.00035
0.00025

4

0.0015
0.00094
0.00091

Gestational Age (mo)

5

0.003
0.0071
0.0086
0.004

6

0.01

0.008

7

0.0125

3

0.017

9

0.021

0.02

Aboul-Khair et al. (4) attempted to determine the biological half-times of
iodide, in the fetal thyroid. Although their data were limited, they felt that
the results showed the fetal thyroid gland metabolizes iodine in a very different
way from that of the adult gland. Over the fetal age group studied, they
estimated a maximum biological half-time in the fetal thyroid of 28 hours.
Stieve (7) stated that the uptake of iodine in the mother during pregnancy is
higher than in normal life, that the biological half-t.'.me of iodine in the
mother's thyroid is between 80 and 120 days, and that the biological half-time in
the fetus is about 4 to 13 days. Johnson ({ ) has estimated the half-time of
iodine in the fetal thyroid to be very long at 90 days fetal age when the fetal
thyroid starts to concentrate iodine. He stated that the half-time decreases to
about 1300 days, 120 days, and 70 ds.ys at 100, 200, and 270 days of age
respectively. Roedler (9) questioned these long half-times on the basis of the
data from Aboul-Khair et al. (4) and the fact that the half-time of iodine in the
adult thyroid may be as long as 120 days but the half-time in the newborn is only
about 15 days. Roedler recommended a biological half-time of 15 hours for weeks
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13-15, 61 hours for weeks 15-19, and a linear increase to 15 days at term.
Johnson (8), however, has stated the data of Aboul-Khair et al. can only be used
to estimate the combination of uptake fraction and half-time of iodine in the
fetal thyroid but not the half-time alone. According to Johnson's model (8,10),
the short half-times proposed by Roedler would result in a much larger organic
pool than that measured by Fisher (11).

Variations in retention of radioiodine in the fetal thyroid result in large
differences among the estimates of the radiation absorbed dose received by the
fetal thyroid. Table 2 gives a comparison of absorbed dose estimates calculated
by various authors for the fetal thyroid from 131I administered to the mother as
sodium iodide. The estimates of Roedler (9) were calculated from his estimated
ratios of the fetal thyroid dose to that of a pregnant woman with 25% thyroid
uptake (350 mGy/MBq). The estimates given by Aboul-Khair et al. (4) and Dyer and
Brill (3) for the fetal thyroid at three months are higher than those of Roedler
(9) by a factor of about nine. The values of Dyer and Brill are about 30%
greater than those of Johnson (8) for the fetal thyroid at four and five months
but are more than a factor of 10 higher than those of Roedler.

Table 2

Comparison of Absorbed Doses in Fetal Thyroid
from 1-131 Given Orally to the Mother

(mGy/MBq Administered to Mother)

Gestational
Age
(mo)

3
4
5
6
7
8
9

Aboul-Khair
et al. (4)

220

Dyer and
Brill (3)

200
1200
1200

Johnson
(8)*

200
930
860
680
540
420

Roedler
(9)

25
100
100

390

*Values interpolated from Johnson's calculations for various fetal ages beginning
with day 91 after conception.

The differences in estimates are large enough to merit reexamination of the
model used for calculating the residence times of radioiodine in the fetus. The
simplest model consistent with the biological information available for the
pregnant woman and the fetus would appear to be a logical choice. Several
compartmental models including that of Johnson (8) were considered; the model
proposed by Berman (12) for a 25% thyroid uptake in the adult was chosen to
represent the iodine kinetics in the mother.

As shown in Figure 1, a fetal thyroid and a fetai organic compartment are
incorporated into che model for the pregnant woman. Because manufacture of T3
and T-4 only occurs late in pregnancy and little information is available
concerning the amounts produced, no attempt was made to model T3 and TA
compartments in the fetus. The quantities of thyroid hormones crossing the
placenta are exceedingly small even after a large amount of radioiodine is
administered to the mother (7,11,13). For this reason no pathway for exchange of
organic iodine between the mother and fetus is included.
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Iodine readily crosses the placenta, as iodide, probably by active transport
mechanisms, with the transport from mother to fetus controlled by the fetal
thyroid. Unlike Johnson's model (8), this model does not have a combined
maternal and fetal inorganic compartment.

EXCRET
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Fig. 1. Compartmental model for iodine metabolism in the fetus and the
pregnant woman. (PEV is the plasma equivalent volume.)

The Simulation, Analysis, and Modeling (SAAM) software (Version CONSAM30)
was used with Berman's data (12) and the data in Table 1 to determine the
transfer rate constants for the pathways into and out of the fetus for each month
of pregnancy beginning with the third month. Berman's model (12) provides
transfer rate constants for all other pathways as shown in Table 3.
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Table 3

Transfer Rate Constants for
Model of Nonpregnant Woman (12)

Transfer Pathway

^ 3 2

Fraction/day

0.727
0.005
0.002
0.007
0.56
0.1
2.0

Table 4 gives the transfer rate constants for the pathways between the
pregnant woman and the fetus. The transfer rate constants for the maternal
compartments remained unchanged from those shown in Table 3.

Table 4

Transfer Rate Constants for Model of Fetus*
(Fraction/day)

Transfer Pathway

Gestational
Age (mo)

3
4
5
6
7
8
9

k6 i

0.00084
0.0025
0.0145
0.0290
0.0357
0.0520
0.058

ki7

0.05
0.10
0.39
0.50
0.40

90.40
0.30

k76

0.003
0.006
0.025
0.036
0.033
0.032
0.027

*Transfer rate constants for all other pathways shown in Figure 1 are given in
Table 3.

In accordance with Fisher's finding that the concentration of organic iodine
in the blood of the newborn infant is 0.75 of that in the maternal blood (11),
the transfer to the fetal organic iodine compartment was adjusted so that the
organic pool was 0.04 mg at nine months. With this model, from the fourth month
of pregnancy the organic iodine pool increased from 0.0047 mg to 0.04 mg at term
according to the following equation:

M(t) = 4.7xlO-3e00139t (1)

where M is the mass of the organic iodine in milligrams and t is expressed in
days after the fourth month of pregnancy. The half-times of iodide in the fetal
thyroid decrease from a maximum of 230 days at three months to 115 days at four
months. From five months to term the half-time is about 30 days. Although these
half-times are considerably shorter than those calculated from Johnson's model
(8), the sizes of the organic iodine pool during pregnancy compare well with
those calculated by Johnson.
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Although the exact time at which the fetal thyroid begins to concentrate
iodine is unknown, most studies indicate that by 90 days the fetal thyroid is
accumulating iodine and secreting organic iodine (8). Calculations for the
absorbed dose to the fetal thyroid begin at 3 months after conception.

ABSORBED FRACTIONS OF ENERGY IN FETAL TISSUES

The amount of energy absorbed in the target tissues can be presented in a
variety of ways, depending on how the values will be used. Frequently the
absorbed fractions of energy in the target tissue are combined with the energy
emitted in the source divided by the mass of the target tissues to calculate S
values; that is, the mean absorbed dose to a target organ per unit cumulated
activity in the source organ. For a large number of radionuclides, S values have
been published for the mathematical model representing Reference Man, and
computer programs are available that will calculate S values for Reference Woman
and pediatric models. The fetal thyroid is not included in these models.
Johnson (8) has S values for radioiodine isotopes for the fetal thyroid as a
function of fetal age from 90 days to 250 days of gestation. These S values were
calculated for a thyroid represented by two eqaal-sized spheres, each containing
one-half the fetal thyroid mass. The mass of the fetal thyroid as a function of
age was calculated from the following equation:

m(z) = (x/40)3-89 mg.
(2)

where m - mass of the fetal thyroid and r - age of fetus in days. Table 5 lists
masses of the fetal thyroid from three to nine months as calculated from Equation
2.

Table 5

Mass of Fetal Thyroid as a Function of Gestational Age

Gestational Age (mo)

3
4
5
6
7
8
9

Mass (mg)

23
72
170
350
635
1125
1700

Johnson (10) estimated the fraction of photon energy that would be absorbed
in the fetal thyroid by adjusting the values for a 20-g thyroid as calculated by
Snyder et al. (14). For beta and positron emissions, he calculated the average
energy deposited in spheres of radii that would yield the mass of the fetal
thyroid at a given gestational age. He assumed that the average energy per
transition deposited in a sphere with radius equal to one-half the beta particle
range will be approximately 0.75 of the emitted energy and that the fraction will
decrease approximately linearly with decreasing sphere radius. Johnson also
provided equations for calculating fractions of energy if the radius of the
sphere is greater than one-half the range of the beta. For spheres with radii
greater than the range of the betas, adjustments were made to account for the
additional energy deposition. All of the energy from monoenergetic electrons was
assumed to be absorbed by the thyroid.
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Berger (15) has given equations for calculating energy deposition in spheres
from beta emitters and monoenergetic electrons and provided tables of scaled
absorbed dose distributions (16) to be used with these equations. Table 6 gives
S values for iodine-123, -124, -125, and -131 based on Berger's equations and
dose distributions which are somewhat different from those calculated by Johnson
(10).

Table 6

S Values for Self-irradiation of Fetal Thyroid
as a Function of Gestational Age

(mGy/MBq s)

Gestational
Age (mo)

3
4
5
6
7
8
9

1-123

0.186
0.0614
0.0264
0.0133
0.00751
0.00464
0.00297

1-124

0.159
0.0613
0.0331
0.0242
0.0191
0.0147
0.0109

1-125

0.137
0.0451
0.0191
0.00960
0.00541
0.00335
0.00214

1-131

0.781
0.309
0.143
0.0739
0.0427
0.0259
0.0168

ABSORBED DOSE ESTIMATES

Absorbed dose estimates for the fetal thyroid have been calculated for 123I,
I24j ( I25j ̂  ancj I3ij from t ^ s values in Table 6 and cumulated activities based on
the model shown in Figure 1. These values are given in Table 7 for three months
to term.

Table 7

Absorbed Dose in Fetal Thyroid from Radionuclides
Administered to the Pregnant Woman
(mGy/MBq Administered to Woman)

Gestational
Age (mo)

3
4
5
6
7
8
9

1-123

2.7
2.6
6.4
6.4
4.1
4.0
2.9

1-124

24
27
76
100
96
110
99

1-125

290
240
280
210
160
150
120

1-131

230
260
580
550
390
350
270

CONCLUSION

The radiation effects on the fetus from radioisotopes of iodine in the
mother's body are of concern to the nuclear medicine and the radiation protection
communities. Estimates of the ladiation dose to the fetal thyroid are important
in relating effects in the child to an intake of radioiodine by the pregnant
woman. Considerable information is required for accurate dose estimates at any
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stage of pregnancy. This is difficult to obtain in the human fetus and usually
must be extrapolated from animal studies. Correlation of data from pregnant
animals with the appropriate stage of the human pregnancy is a complex subject
and presents many problems. For this paper, only human data were used as the
basis of the calculations; however, the lack of time-activity data resulted in
the use of compartmental models derived from models for the nonpregnant woman to
provide biokinetic data for iodine in the fetus and the fetal thyroid at monthly
intervals during pregnancy.

Although a number of papers have addressed the question of the absorbed dose
for radioiodine in the fetal thyroid (2-10), none of them have provided a
complete answer to the questions associated with the intake of radioiodine by the
pregnant woman. One of the most definitive reviews of the dose to the fetal
thyroid from radioisotopes of iodine is the paper by Johnson (10). Much of the
information used by Johnson has been incorporated in this paper, but the
biokinetic models have been reexamined and the absorbed fractions for 123I, 1Z*I,
125I, and 13JI have been recalculated from Berger's point kernels (15,16). The S
values calculated from these absorbed fractions (Table 6) differ somewhat from
those of Johnson. However, the greatest variations in the dose estimates
presented in this paper (Table 7) and those of Johnson (Table 2) result from the
cumulated activities that were used in the calculations. These differences are
the consequence of the different compartmental models used to describe the
biokinetics of radioiodine in the pregnant woman. The results of the model shown
in Figure 1 appear to fit the available data reasonably well. The sizes of the
organic iodine pools in the fetus are in agreement with Fisherrs (11) and
Johnson's results (8,10). The highest concentration of iodine in the fetal
thyroid as calculated by this model occurs at the fifth and sixth months which is
in accordance with the results of Evans et al. (2).

This paper does not provide the final answer on the radiation dose to the
fetal thyroid. More data are needed to refine our understanding of this
biological system. For the present and with the available information, the
estimates are reasonable and should provide an adequate basis for evaluating the
risks and benefits in situations where the fetus may be exposed to these
radionuclides.
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ABSTRACT

A model for calculation of absorbed doses from radiopharmaceuticals, such as
chelates and proteins intended for intrathecal administrations, is presented.
The model has been used for dose calculations in ICRP Publication 53 (1). The
model comprises both a biokinetic part, describing the transport of the
substance, and the mathematical model of the anatomy of the spinal cord, used for
calculation of absorbed fractions to different organs. The biokinetic model is
presented in form of a compartment model, describing the net transport of the
substance after cisternal or lumbar injection. A Monte Carlo program has been
used to calculate specific absorbed fractions for the different "MIRD-organs" and
for the spinal cord, with a source located in different regions of the
subarachnoid space.

INTRODUCTION

Several nuclear medicine procedures based on intrathecal administration of
radionuclides have been developed for clinical use, such as cisternography,
myeloscintigraphy and demonstration of cerebrospinal rhinorrhea or otorrhea. New
alternative methods like CT and MR have reduced the use of radionuclide
techniques, but they are still needed in some situations, especially when dynamic
studies of the flow of the cerebrospinal fluid (CSF) constitute the main purpose
of the investigation.

This work describes a model for intrathecally administered
radiopharmaceuticals. The model is appropriate when a radionuclide is injected
into the subarachnoid space by lumbar or cisternal puncture. It has been used by
the "ICRP Task Group on Absorbed Dose to Patients from Radiopharmaceuticals" in
the preparation of the ICRP Report 53 (1), and the aim with the present report is
to give a more detailed presentation of the model, and of the methods used for
the calculations than has been given in the ICRP 53.

The model has been designed to be used for large molecules like chelates or
proteins, independent of chemical form and radionuclide.
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METHODS

I. MATHEMATICAL DESCRIPTION OF THE ANATOMY

The common way to calculate absorbed dose from internally distributed
radionuclides today, is to use tabulations of "S"-values or absorbed fractions,
as published by Snyder et al (2,3) and Cristy et al (4). These data have been
derived by using Monte Carlo methods to simulate the radiation transport in a
human-like phantom. This phantom, which also includes a number of organs, has
been designed in a way that can easily be described by mathematical equations.
The shape and size of the included organs are mainly based on the ICRP Reference
Man Report (5).

However, neither the subarachnoid space, nor the spinal cord, is included in
the tabulations. Therefore, for the purpose of dosimetry, the shape and size of
these parts of the body have to be defined and described mathematically. Such a
mathematical phantom will by necessity be highly simplified.

The subarachnoid space consists of three parts (Fig. 1): [I]: The cerebral
region encompassing the basal cisterns and the space over the convexity of the
brain (Region C), [II]: The spinal cord region, which surrounds the spinal cord
within the vertebral canal (Region B) and [III]: The caudal cisterna terminalis,
distal to the spinal cord and surrounding the cauda equina in the lumbar and
sacral part of the vertebral canal (Region A).

The dimension of the mathematical phantom for the
subarachnoid space has been taken mainly from a report by
Hilditch (6). He has made a model based on diagrams and
dimensions as given in well-known textbooks on anatomy.
Hilditch represents the spinal cord by a cylinder of tissue,
9 mm in diameter. It is positioned in a coaxial manner
within a cylindrical sheet of length 60 cm, and a diameter
between 11 and 16mm, filled with cerebrospinal fluid.

The vertebral column is described by Snyder et al (2)
as an elliptical cylinder given in centimeters in the MIRD-
coordinate system by:

CD

0 =0.9 cm

V0 =16 cm

Figure 1. Schematic
representation of the
anatomic model.

and

22 z < 78.5.

In order to contain the subarachnoid space within the
vertebral column we have taken its length to be 56.5 cm and
the diameter 16 mm, with a spinal cord of length 42.5 cm,
and diameter: 9 mm. To describe the subarachnoid space
mathematically it can be considered as a cylinder included
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in the vertebral column. For the calculations presenter* in this report it is
described by:

(2)

For z < 36 there is also an inner wall, representing the surface of the spinal
cord, which is given by:

(3)

The space between the walls in the lumbar region is thus 3.5 mm. The
remaining 25% of the spine includes the cisterna terminalis caudalis, which is a
cylinder described by equation [2], this region is noted "A" in Figure 1. Given
these dimensions, the volume of the CSF in region A is 28 cm3, and in region B:
35 cm3.

Region C encompasses the CSF surrounding the brain, the major part located
at the base of the brain. The volume of the CSF in this region is taken to be 50
cm3. In this work the absorbed fractions for photons to different target organs
from a source in region C has been assumed to equal that from a source in the
brain. For electrons the fraction absorbed in the brain is taken to be zero.

For a further discussion of the dimensions of the subarachnoid space see
DiChiro and Fisher (7), Johnston et al (8) or DeLand and Simmons (9).

II. BIOKINETIC MODEL

For the dosimetry two independent biokinetic compartmental models have been
developed. They represent net flow models from cisternal or lumbar injection.
The models, with biological half-times, fractions and transfer coefficients are
illustrated in Fig. 2a and b. The biokinetic model with its fractional flows and
half-times has been derived from published cases of cisternography with repeated
measurement of the activity in the different regions (10-17).

190



Flow

A_B

A-*D

B-*C

B~»D

C-*D

Fraction
of dose

0.5

0.5

0.25

0.25

0.25

T

20min
8h

8h
30 d

18h

18h

30 d

18h
30 d

a
0.25
0.75

0.97
0.03

1.0

0.97
0.03

0.97
0.03

Figure 2a. Schematic representation of biokinetic model for
lumbar injection, in region A.
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Figure 2b. Schematic representation of biokinetic model for
cisternal injection in region C.
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From these models the retention curves displayed in Fig. 3a and b have been
derived.
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Figure 3a. Biological retention curves after lumbar
injection in region A.
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Figure 3b. Biological retention curves after
cisternal injection in region C.

III. ESTIMATION OF ABSORBED FRACTIONS

Radiation originating from radionuclides within the CSF will give rise to an
absorbed radiation dose in the CSF itself as well as in the surrounding tissues,
and for penetrating radiation, also in more distant tissues. The absorbed dose
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to the cerebrospinal fluid has not been considered interesting in the view of
risk cancer induction due to the irradiation.

The nerve roots that are in close contact with the CSF will receive a high
absorbed dose. This has been studied by several authors (13, 18, 19). The
absorbed dose to the nerve roots must, however, be considered as a local dose to
a minor part of an organ, and therefore it does not have to be considered for the
calculation of the effective dose equivalent or the effective dose. In this work
we have therefore not calculated absorbed doses to the nerve roots. It may,
however, be approximated with the absorbed dose at the surface of the spinal
cord, or at the surface of the CSF.

ELECTRONS

Electrons or beta particles originating from decays that take place in the
CSF will deposit their energy either in the CSF or in the surrounding tissues.
An analytical calculation of the fraction of emitted energy that will be absorbed
in bone tissue or in the spinal cord is not easily performed. An alternative way
to estimate the absorbed fractions to those tissues, is to use the method of
Loevinger et al (20) for calculation of beta dose to a surface from a thin plane
source, modified to the actual geometry (21). A second alternative is to use a
computer code designed for simulation of electron transport. Another possible
way would be to apply the point kernel model (22, 23) in a way similar to what
has been reported; e.g. in blood vessel dosimetry (24, 25).

In this work the fraction of energy that is deposited in the spinal cord and
bone, respectively, has been estimated by using the distribution of distances a
particle originating within the subarachnoid space, has traversed before it
enters into the spinal cord or bone tissue. This distribution has been
calculated using a Monte Carlo method to simulate 106 particles. The result for
region A and B, respectively, is presented in Fig. 4.

region A
region B out
region B in

2 4 6 8
Traversed distance [mm]

10

Figure 4. The relative probability distribution of the
distance a particle originating from the CSF will traverse
before it enters the spinal cord (region B in) or bone
tissues (region B out and region A).
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It is assumed that when the electron or beta particle leaves the CSF it will
deposit all its remaining kinetic energy in the medium it enters. The traversed
distance distribution is then compared with the range of the electrons, and the
average remaining path at the entrance can thus be calculated. This result is
then utilized for the calculation of the remaining energy, which equals the
absorbed energy. For the calculation of the absorbed dose to the bone, the
thickness of the different membranes that encompasses the subarashnoid space is
also considered; this thickness is taken to be 0.1 mm.

In order to calculate the range for the electrons and beta particles an
empirical formula derived by Katz and Penfold (23) has been used. For electrons
with a kinetic energy, T, in interval: 0.01 < T < 2.5 MeV the following
expression, as cited by Roy and Reed (24), gives a good approximation for the
range, R, in aluminum expressed in g/cm2:

K=0.412 (r)l-329-0.0954ln(Y-l) ( 4 )

where:

T is the kinetic energy of the electron given in MeV, v is the electron
velocity and c is the speed of light. For electron energies > 2.5 MeV, R is
given by

R = 0.S3 T - 1.06 (5)

The expressions were used for water (tissue), by applying a correction
factor of 0.857 for the difference in the (Z/A) quotient. In Fig. 5 the range as
calculated with those equations is illustrated graphically for water.
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Figure 5. Range of electrons in water as calculated
with equations (4) and (5).

PHOTONS

For photons the absorbed fractions were calculated with a Monte Carlo method
for simulation of photon transport. The calculations were performed on a VAX
11/780 computer. For a principal description of a Monte Carlo method for
simulating photon transport see MIRD Pamphlet No.11 (2). Each simulation
consisted of 106 - 107 histories. The location of the initial decay was randomly
distributed within the lower or upper part of the subarachnoid space. The
different target organs were described mathematically in accordance with MIRD
Pamphlet No. 5, Revised (3).

RESULTS AND DISCUSSION

For penetrating radiation the specific absorbed fractions for different
target organs and with a source in region A or B of the subarachnoid space, are
presented in Table 1. For electrons the absorbed fractions for the skeleton and
the spinal cord can be taken from Figure 6. To calculate the radiation dose to
the red marrow information concerning the mass of the red marrow in the different
parts of the spine is needed, this can be taken from Snyder et al (3). For
radionuclides bound to a substance for which the intrathecal route of
administration has been included in the ICRP Report 53 (1), SEE-values can be
found in Table 2.
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Figure 6. Absorbed fractions for bone tissues and for spinal
cord from an electron source in region A or B (see Fig. 1) of
the subarachnoid space.

Apart from the approximation of the path of an electron to a straight line,
two other approximations have been made in the calculation of the absorbed
fractions for electrons and beta particles. First, a particle that enters the
spinal cord is assumed to deposit all its remaining energy within that organ;
this is not true in the case when the particle enters the spinal cord in a
direction close to the tangent of the cylinder describing the spinal cord.
However, considering the dimensions of the spinal cord in comparison with a
typical electron range of one mm, this approximation must be considered to be of
less significance. The second approximation is that beta particles are
represented by monoenergetic electrons with an energy equal to the average energy
of the beta spectrum. The degree to which this approximation affects the
estimated absorbed fraction depends on the form of the beta spectrum, which is
determined by the forbiddenness of the transition. Calculations using the
complete beta spectrum have been performed for U0La and for this radionuci-ide
the approximation will overestimate the absorbed fractions for spinal cord and
bone tissues by 6 - 7 percent, which must be considered to be insignificant
compared to the general uncertainty in this context.

Comparison with other publications dealing with the subject is complicated
since there has been little interest in calculating the mean absorbed dose to the
spinal cord. The comparatively high dose to the surface of the spinal cord has
been given considerably more attention (9, 10, 14, 15, 18). The reason for that
is mainly the risk for deterministic (non-stochastic) effects. In Table 3,
however, the 1CRP 53 values for the absorbed dose to the spinal cord are compared
with literature data. As can be seen, the data are in good agreement and are
well within the uncertainties, as discussed in the reports referred to in the
table.
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Table 1a.

Organ
Adrenals
Bladder wall
Bone surfaces
Brain
Breast
G I - Tract

Stomach wall
SI wall
ULIwall
L LI wall

Kidneys

Liver
Lungs
Ovaries
Pancreas
Red marrow

Spinal cord
Spleen
Thyroid
Testes
Uterus

Other tissue
Total body

Specific
25

keV
1.5E-02
1.7E-06
4.3E-02
0.0E+00
1.8E-07

8.9E-04
1.3E-03
4.0E-04
2.7E-04
5.4E-03

7.0E-05
3.7E-05
6.7E-04
6.8E-04
3.5E-01

5.3E-02
1.3E-03
1.8E-10
4.3E-08
7.2E-04

2.6E-03
1.4E-02

absorbed fractions (kg"1)
50
keV

1.6E-02
1.2E-03
2.6E-02
0.0E+00
2.8E-04

7.7E-03
2.2E-02
1.5E-02
3.0E-03
5.2E-02

6.1E-03
1.0E-03
1.1E-02
2.0E-02
2.0E-01

1.9E-02
9.0E-03
1.5E-05
1.6E-04
6.0E-03

4.6E-03
1.2E-02

100
keV

2.1E-02
2.5E-03
1.1E-02
3.3E-06
3.4E-04

1.1E-02
2.4E-02
1.8E-02
4.8E-03
4.8E-02

8.9E-03
2.0E-03
1.2E-02
2.3E-02
8.2E-02

1.3E-02
1.1E-02
1.1E-04
5.9E-04
8.3E-03

4.8E-03
7.8E-03

200
keV

2.1E-02
2.4E-03
7.8E-03
6.2E-06
4.5E-04

1.0E-02
2.2E-02
1.6E-02
4.6E-03
4.5E-02

8.5E-03
2.1E-03
1.0E-02
2.2E-02
5.7E-02

1.4E-02
1 .OE-02
1.9E-04
7.8E-04
7.7E-03

4.8E-03
6.8E-03

for a source in region A
500
keV

1.9E-02
2.6E-03
7.1E03
1.8E-05
6.7E-04

9.6E-03
2.0E-02
1.5E-02
4.2E-03
4.4E-02

8.2E-03
2.3E-03
9.0E-03
2.1E-02
5.2E-02

1.5E-02
9.8E-03
2.6E-04
8.6E-04
7.3E-03

4.8E-03
6.6E-03

1000
keV

1.9E-02
2.4E-03
6.5E-03
3.3E-05
8.3E-04

8.9E-03
1.8E-02
1.3E-02
4.1E-03
4.0E-02

7.6E-03
2.3E-03
9.0E-03
1.8E-02
4.8E-02

1.5E-02
9.3E-03
3.2E-04
8.9E-04
7.0E-03

4.6E-03
6.2E-03

1500
keV

1.7E-02
2.2E-03
6.0E-03
5.2E-05
8.7E-04

8.2E-03
1.7E-02
1.2E-02
4.0E-03
3.6E-02

7.2E-03
2.2E-03
7.3E-03
1.7E-02
4.3E-02

1.3E-02
8.3E-03
3.4E-04
8.9E-04
6.6E-03

4.3E-03
5.7E-03

2000
keV

1.8E-02
2.5E-03
5.6E-03
5.9E-05
9.0E-04

7.5E-03
1.6E-02
1.2E-02
4.0E-03
3.3E-02

6.7E-03
2.2E-03
6.8E-03
1.6E-02
4.0E-02

1.1E-02
7.7E-03
3.5E-04
8.7E-04
5.7E-03

4.0E-03
5.4E-03

Table 1b.

Organ
Adrenals
Bladder wall
Bone surfaces
Brain
Breast
G I - Tract

Stomach wall
S I wall
U LI wall
L LI wall

Kidneys

Liver
Lungs
Ovaries
Pancreas
Red marrow

Spinal cord
Spleen
Thyroid
Testes
Uterus

Other tissue
Total body

Specific

25
keV

3.3E-03
5.6E-09
9.0E-02
7.9E-06
2.8E-05

2.3E-04
1.5E-05
1.6E-05
5.6E-07
3.5E-04

1.3E-04
6.2E-04
2.3E-07
7.8E-03
1.7E-01

2.1E+00
6.1E-04
3.4E-04
1.9E-11
1.6E-07

1.4E-03
1.4E-02

absorbed fractions (kg'1)

50
keV

2.6E-02
1.8E-05
5.3E-02
1.1E-03
1.2E-03

2.8E-03
3.4E-04
4.6E-04
1.8E-04
5.8E-03

4.2E-03
1.1E-02
1.8E-04
1.1E-02
1.0E-01

4.7E-01
4.3E-03
7.3E-03
3.0E-06
1.5E-04

3.9E-03
1.1E-02

100
keV

2.5E-02
5.0E-05
2.3E-02
2.2E-03
2.1E-03

4.0E-03
8.5E-04
1.1E-03
4.5E-04
7.0E-03

5.6E-03
1.2E-02
5.0E-04
I.2E-02
4.4E-02

2.8E-01
5.4E-03
8.2E-03
2.9E-05
4.5E-04

4.2E-03
7.2E-03

200
keV

2.6E-02
8.0E-05
1.6E-02
2.4E-03
2.3E-03

3.7E-03
9.3E-04
1.1E-03
2.5E-04
6.7E-03

5.3E-03
1.1E-02
6.1E-04
1.2E-02
3.1E-02

2.9E-01
5.2E-03
5.1E-03
5.5E-05
5.6E-04

4.2E-03
6.2E-03

for a source in region B

500
keV

2.4E-02
1.1E-04
1.5E-02
2.7E-03
2.5E-03

3.6E-03
9.6E-04
1.2E-03
3.5E-04
6.7E-03

5.2E-03
1.1E-02
6.5E-04
1.1E-02
2.8E-02

3.1E-01
5.0E-03
5.0E-03
8.9E-05
6.0E-04

4.3E-03
6.0E-03

1000
keV

2.3E-02
2.2E-04
1.4E-02
2.7E-03
2.6E-03

3.5E-03
1.1E-03
1.2E-03
3.7E-04
6.3E-03

4.8E-03
9.5E-03
6.7E-04
9.6E-03
2.6E-02

2.8E-01
4.7E-03
4.8E-03
1.2E-04
6.2E-04

4.0E-03
5.6E-03

1500
keV

2.2E-02
2.7E-04
1.2E-02
2.7E-03
2.6E-03

3.4E-03
1.1E-03
1.1E-03
4.1E-04
5.8E-03

4.6E-03
8.9E-03
6.7E-04
8.8E-03
2.4E-02

2.6E01
4.3E-03
4.1E-03
1.4E-04
6.2E-04

3.7E-03
5.2E-03

2000
keV

1.9E-02
2.3E-04
1.1E-02
2.6E-03
2.6E-03

3.3E-03
1.0E-03
1.2E-03
4.5E-04
5.3E-03

4.3E-03
8.4E-03
6.6E-04
8.8E-03
2.2E-02

2.3E-01
4.1E-03
4.7E-03
1.5E-04
6.1E-04

3.5E-03
4.9E-03
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Table 2 a. SEE-values (Gy/decay) for a source in region A.

Target organ
Adrenals
Bladder wall
Bone
Brain
Breast
G 1 - Tract

Stomach wall
SI wall
U L1 wall
L L1 wall

Kidneys

Liver
Lungs
Ovaries
Pancreas
Red marrow

Spinal cord
Spleen
Testes
Thyroid
Uterus

Other tissue
Total body i

9 9 j c m

4.7E-14
4.9E-15
2.1E-14
9.1E-18
7.9E-16

2.1E-14
4.6E-14
3.4E-14
9.5E-15
9.5E-14

1.8E-14
4.2E-15
2.3E-14
4.6E-14
1.4E-13

2.8E-14
2.2E-14
1.3E-15
3.0E-16
1.6E-14

9.7E-15
1.8E-14

min
2.3E-13
1.5E-14
6.4E-14
4.4E-17
3.0E-15

6.6E-14
1.3E-13
1.0E-13
2.8E-14
2.8E-13

5.4E-14
1.3E-14
6.5E-14
1.4E-13
3.8E-13

1.0E-13
6.5E-14
4.7E-15
1.5E-15
4.8E-14

3.0E-14
4.9E-14

1231

1.7E-13
6.1E-15
3.1E-14
1.6E-17
1.3E-15

3.0E-14
5.4E-14
4.0E-14
1.1E-14
1.1E-13

2.3E-14
5.1E-15
2.6E-14
5.5E-14
1.8E-13

5.2E-14
2.6E-14
1.7E-15
8.5E-16
1.9E-14

1.2E-14
2.2E-14

1311

1.3E-13
1.5E-14
1.1E-13
8.6E-17
3.6E-15

5.9E-14
1.2E-13
9.2E-14
2.7E-14
2.7E-13

5.1E-14
1.4E-14
5.8E-14
1.3E-13
3.4E-13

8.9E-14
6.1E-14
5.0E-15
1.5E-15
4.5E-14

2.9E-14
8.3E-14

169yb
9.5E-14
9.7E-15
9.5E-14
2.0E-17
1.9E-15

4.6E-14
1.1E-13
7.8E-14
2.0E-14
2.4E-13

3.8E-14
8.5E-15
5.3E-14
1.1E-13
5.6E-13

7.9E-14
4.9E-14
2.6E-15
5.7E-16
3.5E-14

2.3E-14
5.6E-14

Table 2 b. SEE-values (Gy/decay) for a source in region B

Target organ
Adrenals
Bladder wall
Bone
Brain
Breast
G I - Tract
Stomach wall
SI wall
U LI wall
L LI wall
Kidneys

Liver
Lungs
Ovaries
Pancreas
Red marrow

Spinal cord
Spleen
Testes
Thyroid
Uterus

Other tissue
Total body ;

99jcm

5.4E-14
2.5E-16
4.3E-14
4.5E-15
4.4E-15

7.8E-15
1.8E-15
2.2E-15
7.4E-16
1.4E-14

1.1E-14
2.3E-14
1.1E-15
2.3E-14
7.9E-14

6.3E-13
1.1E-14
8.5E-17
1.4E-14
9.8E-16

8.5E-15
1.7E-14

min
2.1E-13
2.8E-15
1.2E-13
1.5E-14
1.4E-14

2.4E-14
5.8E-15
6.7E-15
1.7E-15
4.1E-14

3.3E-14
6.8E-14
3.7E-15
7.1E-14
2.2E-13

2.5E-12
3.2E-14
4.4E-16
3.4E-14
3.4E-15

2.6E-14
4.5E-14

123|

1.2E-13
2.8E-15
5.7E-14
5.7E-15
5.4E-15

1.0E-14
2.2E-15
2.6E-15
8.0E-16
1.6E-14

1.3E-14
2.7E-14
1.4E-15
2.8E-14
1.2E-13

1.4E-12
1.3E-14
2.3E-16
1.5E-14
1.2E-15

1.0E-14
2.1E-14

131|

1.5E-13
7.8E-16
1.9E-13
1.6E-14
1.5E-14

2.2E-14
5.8E-15
7.0E-15
1.9E-15
4.0E-14

3.2E-14
6.5E-14
3.9E-15
6.6E-14
2.0E-13

2.9E-12
3.1E-14
4.8E-16
3.1E-14
3.5E-15

2.6E-14
8.0E-14

169Yb
1.3E-13
3.0E-16
1.8E-13
9.3E-15
9.2E-15

1.7E-14
3.5E-15
4.2E-15
1.3E-15
3.2E-14

2.4E-14
5.4E-14
2.1E-15
5.5E-14
2.9E-13

1.9E-12
2.4E-14
1.6E-16
3.2E-14
1.9E-15

2.0E-14
5.4E-14
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Table 2 c. SEE-values (Gy/decay) for a source in region C

Target organ
Adrenals
Bladder wall
Bone
Brain
Breast
G 1 - Tract

Stomach wall
S1 wall
U L1 wall
L L1 wall

Kidneys

Liver
Lungs
Ovaries
Pancreas
Red marrow

Spleen
Testes
Thyroid
Uterus

Other tissue
Total body

99TCm

1.8E-16
2.3E-18
2.0E-14
2.3E-13
1.3E-15

8.6E-16
1.7E-17
1.8E-17
5.1E-18
6.5E-17

8.0E-17
8.9E-16
5.8E-18
1.3E-16
2.2E-14

1.4E-16
5.5E-19
1.1E-14
5.2E-18

1.3E-15
1.3E-14

min
7.7E-16
1.5E-17
5.4E-14
8.3E-13
4.2E-15

1.4E-14
8.6E-17
1.0E-16
3.0E-17
3.1E-16

2.9E-16
3.1E-15
3.6E-17
6.0E-16
6.1E-14

6.7E-16
4.3E-18
3.7E-14
3.2E-17

4.2E-15
3.7E-14

1231

2.6E-16
5.2E-18
3.1E-14
4.2E-13
1.6E-15

2.0E-14
2.7E-17
3.3E-17
1.0E-17
1.0E-16

1.1E-16
1.1E-15
1.2E-17
2.0E-16
3.5E-14

2.1E-16
1.5E-18
1.4E-14
1.1E-17

1.6E-15
2.1E-14

1311

1.0E-15
3.8E-17
4.2E-14
6.8E-13
4.5E-15

2.0E-15
1.2E-16
1.8E-16
6.3E-17
4.7E-16

5.0E-16
3.5E-15
7.5E-17
8.3E-16
4.7E-14

8.3E-16
1.3E-17
4.1E-14
6.9E-17

4.5E-15 i
6.8E-14 i

169Yb

3.7E-16
6.5E-18
7.1E-14
7.0E-13
2.9E-15

8.0E-14
3.8E-17
4.4E-17
1.3E-17
1.4E-16

1.6E-16
1.9E-15
1.5E-17
2.8E-16
8.0E-14

3.1E-16
1.8E-18
2.4E-14
1.4E-17

2.9E-15
5.6E-14

Table 3. Mean absorbed dose (mGy/MBq) in the
spinal cord after lumbar injection, ICRP 53
compared to literature data (mean dose or
dose at a depth of 2 mm is given).

Substance

Tc-99m
DTPA
ln-111
DTPA

Yb-169
DTPA

1-131 HSA

ICRP 53

0.046

0.95

1.2

1.9

other ref.

0.054 (28)

0.68 (28)

1.5 (10)

1.7 (8)
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Prediction of Radiation Dose to the GI Tract
from Analysis of Blood and Liver Time-Activity Curves

Stabin MG
Oak Ridge Associated Universities

Oak Ridge, TN 37831-0117

ABSTRACT

A mathematical method is described which permits prediction of cumulative
excretion of radioactivity through the gastrointestinal tract based solely on
analysis of blood and liver time-activity curves. This permits estimation of
radiation dose to the gastrointestinal tract organs without the need for
quantitative imaging of the intestines or sampling of the feces. The method has
general application; however, a few typical models are studied to show example
solutions. Technetium-99m HMPAO, for which blood and liver data as well as
excretion data are known, is also studied using one of the models. Matrix
methods for derivation of time dependent solutions for the model compartments are
discussed.

INTRODUCTION

Although most radiopharmaceuticals used in nuclear medicine are administered
intravenously and excreted through the urine, the radiation dose to the organs in
the gastrointestinal (GI) tract is of concern when the radiopharmaceutical is
metabolized by the liver and excreted through the bile into the intestines. The
radiation dose to an organ is calculated through knowledge of the
radiopharmaceutical uptake and kinetics in that organ and any others which might
contribute significantly to its total dose. In human studies with
radiopharmaceuticals, the organs' uptakes and kinetics may be determined through
measurements from planar images, single photon emission computed tomography
(SPECT), or positron emission tomography (PET) systems (1-3). In the case of the
GI tract, however, such imaging is not as feasible, because of the convoluted and
overlapping geometries. Actually, such detailed measurements are not necessary,
because standard transit times are usually assumed for the three major segments
of the GI tract through which metabolites may travel. The small intestine (SI),
upper large intestine (ULI), and lower large intestine (LLI) are usually assumed
to have average residence times of 4, 13, and 24 hours, respectively (4).
Absorption of material from the SI to the blood may be handled with introduction
of another loss term from the SI. Therefore, a knowledge of only the total
amount of material which passes through the GI tract and the absorption from the
SI will be sufficient to estimate the cumulative radiation dose to the various
segments.
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radiochemistry to separate the radionuclide from the matrix. The liver time-
activity curve may not directly indicate the total amount excreted in bile,
depending on its kinetics and interaction with the. blood pool. The liver and
blood are much easier to isolate for quantitative sampling, however, and it would
be helpful if the kinetics of the radiopharmaceutical in these two compartments
could be used to predict the cumulative GI excretion.

METHODS

Multicompartment models have been developed to represent the blood, liver,
gallbladder, SI, ULI, LLI, and cumulative excretion. Linear, first order
differential equations were assumed to describe the transfer of materials between
compartments or between pools within compartments, as is common in modeling
biological processes (5). Solutions for the time-activity curves in the blood,
liver, and cumulative excretion were obtained in the Laplace domain and converted
to the time domain. Equations for intermediate compartments were not derived, as
they are not of direct concern here, but may be derived as a direct extension of
this analysis. The main equation used to derive the Laplace domain expression
is:

s + kx ^j s

Equations used to convert the Laplace domain expression to the time domain depend
on the form of the Laplace domain expression.

Four models of the blood/liver/GI tract are proposed, involving varying
degrees of complexity. These models are merely examples, and are not me--it to
cover all types of systems expected to be encountered in practice. The main
intent of this paper is to show the methods by which systems of this nature may
be solved. In a real system, kinetics of other organ systems would be modeled,
but it is assumed here that these kinetics do not affect the kinetics of the
subsystem being modeled. Output from the blood compartment which does not enter
the liver goes to compartment 0, which is a general sink for activity leaving the
system under study.

RESULTS

MODEL DESCRIPTIONS AND SOLUTIONS

The gallbladder (GB), SI, ULI, LLI, and cumulative excretion are modeled as
single compartments. Transfer rate coefficients for SI to ULI, ULI to LLI, and
LLI to excretion are fixed, as specified in ICRP Publication 30 (4). The liver
is assumed to excrete bile directly into the small intestine, as well as through
the gallbladder into the small intestine. The blood and liver are modeled as
either single or double compartments with and without reverse exchange.
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Model 1

BLOOD LIVER

1
k21

2

«MJ **2 I
3

GALLBLADDER

k42

4 SMALL INTESTINE

1 «•
5

I k6
6

UPPER LARGE INTESTINE

S

LOWER LARGE INTESTINE

r^76

7 CUMULATIVE EXCRETION

In this model, blood and liver are modeled as single compartments with no
reverse exchange. Here, values of k54, k65> and k76 will be fixed and all others
will be variable. All activity is assumed to be in compartment 1 at time zero.
The Laplace domain expressions for this system are:

=J s * X 6

and so on, to compartment 1:

t

s

where Xt - ]nii. For compartments 2 through 7, Xt is the same as
j-i+1. For compartment 1, A2 - k21 + k01.
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The solution for compartment 1 in the time domain is:

xx(t) = x1(0) expf-A^t)

The solution for compartment 2 in the Laplace domain is:

(s + kx) (s + k2)

The time domain solution is:

= X\i0) f21 (exp(-A2t) -\

A2 - 1

The Laplace domain solution for compartment 7 is:

r x = -̂ 76 ̂ 65 -̂ 54 ^42 + ^43 "̂ 32 -^21 ̂ 1 * ̂ '

^ s s+A6 s+A,5[s+A,4 s+kt s+X3\s+k k

The final value of x7, which is what is of interest is :

Lim 2t,(t) = Lim s {^} = x i ( 0 )

t"*00 S"*0 k^ ^->.1 + -̂ 01

because when s~0 all of the k^'s cancel with the adjacent Ai's, except for k21

and Ax. The result for this system is intuitively obvious, that the total
excretion is simply the fraction of the total blood pool which is routed through
the liver. The time-activity curve for the liver (compartment 2) is also a
familiar expression, identical to the Bateman equation for a single radioactive
daughter (6). The maximum of the curve is found by setting the time derivative
equal to zero and solving. The maximum activity in compartment 2 is then:

X (0) JC
= \ 21 fexpf-^fc) - exp(-A1troax)]

This maximum is only approximately equal to the total amount excreted when Aa is
very large relative to \2. In this case, the liver activity peaks at an early
time, and the peak represents the total activity passing through the GI tract
(assuming no re-entry into blood). When the liver peak occurs later, the peak
may be related Co the total amount passing through the GI tract only through the
above expressions.
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Model II

BLOOC

1

>

2

kO2 9

k32

LIVER

3

"'I
4

GALLBLADDER

h53

k54

5 SMALL INTESTINE

1 k6S
S

I k7

7

UPPER LARGE INTESrtNE

6

LOWER LARGE INTESTINE

1- '
8 CUMULATIVE EXCRETION

In this model, two-way transfer takes place between compartments 1 and 2,
with all activity at time zero assumed to be in compartment 2. Compartment 1
might represent interstitial fluids with compartment 2 representing blood or
plasma, for example. Here, the Laplace expressions for compartments 4 through 8
are the same as for Model I (except for the change of subscripts) and are not
repeated here. The expressions for compartments 1, 2, and 3 are developed below:

s + A,,

Xx [s + A.2

X2(0)

s + A,,
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(s + A2) (a + Ax) - Jr
12

\ S "*" "2' * "2' 12 21

X>(0) ^32 (S + Xx)
3i (s + X3) (s + X2) (s + X2) - k12 k21 (s * X3)

Here, it is assumed that the material is introduced into compartment 2 at time 0.
Also, A2 - k12 + k02 + k32.

Time domain solutions for compartments 1 and 2 may be found through
solutions of quadratic equations in the denominators and derivation of the
multipliers of the appropriate partial fractions. In both cases, the roots of
the denominator are:

1

2 " "

and the time domain solutions are:

—12 (exp(r1t) -exp(r2t))

x2(t) = —2 ((.ẑ  + Xx) exp irxt) - (r2 + kr) exp (r2t))
r " r

These roots will be real if k12 > k21. This is necessary but not sufficient. The
roots will be real if

ki2 +k32 +k02 + 2(k12k32+k12ko2+k12k21) > 2(k21k32+k2ik02)

(necessary and sufficient). The expression for x3(t) can be found by solving the
cubic equation which results from the above expression in the denominator for
(x3):
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p - (Aj+A2+A3)
q — (A1A2+A1A3
r = (AjA^j-k

a - 3q-pZ

roots:
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b - 2p3 - 9pqr+27r
27

= cos'
2

k N 27 J

= 2
c ° s (1

r2 =

p f COS (|+240)
x3(t) = C1exp(r1t) C3exp{r3t)

where

C, =
x2(0) Jc32 (r2

(r2 - rx) (r2 - r3)

C, = x2
x2(0) Jc32 (r3

(r3 - r^ (r3 - r2)



This is a difficult analysis, but is necessary to derive the time domain response
for this compartment. As systems become more complicated, these solutions become
even more difficult. A matrix based solution is much mure efficient, and will be
discussed later.

To find the final value for the cumulative excretion compartment, solve:

ixj = î i "••43

s+Xc

Lim s {xB} =
s-0

-̂ 43 ^32 ^53 ^32

1 ^2 1̂2

Lim s {
s-0

x,(0) k.

^32

•32

This is the same result as for Model I, only the subscripts have changed. So,
the fraction passing through the GI is still represented by the ratio of the rate
constant from blood to liver over the total clearance rate constant for blood.

Model I I I

BLOOD

1 2

vazh

k32
t 3

k 5 3 |

5

GALLBLADDER

LATER

k34

4

k63

k«5
6 SMALL INTESTINE

7 UPPER LARGE INTESTINE

8 LOWER LARGE INTESTINE

I k"
9 CUMULATIVE EXCRETION
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Here, both the blood and liver are represented by two compartment spaces,
with reverse transfer within the compartments. Final expressions for the
solutions to compartments 1 and 2 will be identical to those from model II.
Laplace expressions for compartments 5 through 9 will again be identical to those
for models I and II, given the proper change of subscripts. The expressions for
compartments 3 and 4 are:

(s + A ) x I f k32 (s + Xt)

[<*

(s *
X2

) (a

(0)
( s

( S H

+ X.
- xx)

* 1 2

(s +X3) (s + X4) - ki3 k3

IT IC

Sx \ _ I " ! " " v" '*!' | | ^43 A32(s + X3) (s + X4) - k43 k.

To solve analytically for these functions will necessitate solution of a quartic
solution in s. The matrix solution, which removes the need for the difficult
algebraic solution, will be discussed in the next section. The solution for the
final value of x^, however, may still be resolved from the Laplace domain
expressions.

U i _ "^98 -^87 "^76 I ^65 "^53 . _ * 6 3 r \

s s+A8 s+X1[s+X6 s+A5 s+X€\

x2{0) k21 x34 Jc32 (k63 + k53)
Lint s {xg} =

s—0 (A, k,. k~. k.,) (A, kf, ~ k3 ^34 34 -^43' v / V 2 -"21 12

Lim s
x2(0) k32

^32

A special case may also be considered: if k34 = 0, representing a non-exchanging
compartment within the liver, the expressions for (x3), and subsequently (x9),
will change. In this case, the final value for compartment x9 becomes:

Lin six,} -
s-0 (*„ + ka,) (kA, + Jc.., + Jc,,)

Again, this is intuitively obvious, as the ratio of activity entering the liver-
GI pathway which reaches the small intestine pathway is the sum of (k63 + k53)
over the total transfer, (kA3 + k53 + k63) , and this ratio simply modifies the
previous result we obtained for models I and II.
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Model IV

BLOOD

1

111 2

r
2

k 0 2 l

k32
3

5

GALLBLAODER

LIVER

S3T
4

S^k63

k65

6

I
7

k76

k87

8

J
9

k98

k26

SMALL INTESTINE

UPPER LARGE INTESTINE

LOWER LARGE INTESTINE

CUMULATIVE EXCRETION

Here, the only difference from model III is the feedback loop from the small
intestine to blood, which might occur in instances in which the metabolized
compound is reabsorbed into the blood and recycled. In this case, the kinetics
of the metabolized compound may be different than those of the original
radiopharmaceutical, so care must bi. exercised in the interpretation of results.
But if we can assume for the moment that the kinetics are similar, we can solve
for the system equations as before. The solutions for compartments 1, 3, and 4
will be the same as above. The expression for 2 will be complicated by the
entrance of material from 6. The expression for the final state of compartment 9
may proceed independent of this complication, however:

s+X7

6S

<*•> •

Lim s
s-0

x2(0) Jc,,; k
32

k,e) (k02 + ic32) - k26 k
26 k22

This result is not intuitively obvious, as were most of the other solutions.
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DETERMINATION OF RATE TRANSFER COEFFICIENTS

Implicit in this analysis is the assumption that the rate transfer
coefficients are constants in time. In order to determine the values of these
rate transfer coefficients in a biological system, we need to fit observed data
to a chosen metabolic model. A software package called SAAM (Simulation Analysis
And Modeling) (5) is designed to fit observed retention and excretion data to
multi-compartment models by determining the rate transfer coefficients which
provide the best fit of the model to the observed data. In our system, the rate
transfer coefficients for compartments beyond the gallbladder are assumed to be
fixed, so the only rate transfer coefficients needed are for blood to liver,
liver to gallbladder, liver to SI, SI to blood (in model IV), and reverse
transfer coefficients for these compartments where applicable.

A sample set of data is shown in Table 1 which is fit by one of the models
shown above. The data are for Tc-99m HMPAO. Data were available for blood,
liver, and total excretion (7). Only the blood and liver data were analyzed in
this compartmental model.

Table 1

Kinetic Data for Tc-99m HMPAO

Time (hr)

0.0
0.0833

2.0
7.0

24.0

Percent of Injected Activity

Blood

100
15
10
7.0
4.0

Liver

0
20
12
10
8.0

Kinetics for gallbladder and the GI tract were fixed to typical values.
values for the variable coefficients in the model are:

Final

Lju - 0.0615
L12 - 5.12
L02 - 31.6
L32 - 7.51
L43 - 0.016
L5<, - 0.037

The total estimated fecal clearance was 14%, based on measured values in humans
(7). The final value estimated from our data using the formula above is:

(100) (7.51) _
7.51 + 31.6 "

SHORTCUT METHOD FOR DETERMINATION OF CHARACTERISTIC EQUATIONS

An easier method for solving for the characteristic equations in the time
domain is to solve for the eigenvalues and eigenvectors of the square matrix
involving the rate transfer coefficients. Although the matrices quickly become
too large to solve by hand efficiently, several software packages exist which
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will provide the characteristic values for the matrix and can in turn be used to
generate the characteristic equations. A good package is DIFSOL (8), a
differential equation solver which uses the matrix of rate transfer coefficients
to determine the eigenvalues and eigenvectors (which yield the characteristic
rate transfer coefficients and associated fractions) for the matrix. The only
input needed for the program is the matrix of rate transfer coefficients and the
initial conditions for the model. All of these data may be entered into ASCII
files and accessed by the program.

The matrix of rate transfer coefficients for the four models above are shown
here:

MODEL

- < k 2 1 +

kn
0
0
0
0
0

MODEL

k2.
k21

0
0
0
0
0
0

MODEL

k 2 1

k 2 l
0
0
0
0
0
0
0

I

II

-

I l l

- (

1
- 1

k12

0
(k32+k,
k32

o*z
0
0

(k12+k02+k32)
k32
0
0
0
0
0

k 1 2
ki2

+k0;
k32

0
0
0
0
0
0

t+k32)

0
0
43

43
0
0
0

0
0
0
-k5*
k54

0
0

0
0
0
0

-k 6 5

k&s
0

0
0
0
0
0

-k 7 6

k76

0
0

(k«3+k53)
k43

k53
0
0
0

0
0
0

-k54
k 5 4

0
0
0

0
0
0
0

-k65

k65
0
0

0
0
0
0
0

-k76

0

0
0
0
0
0
0

~k8;
kJ

0
0

(k,3+k53+k63)
k43

kS3

k63
0
0
0

0
0

k34

-k3 4

0
0
0
0
0

0
0
0
0

-k6 5

k65
0
0
0

0
0
0
0
0

-k 7 6

k76
0
0

0
0
0
0
0
0

-ka 7

k87
0

0
0
0
0
0
0
0

-k 9 8

kS8
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MODEL IV

0
0
0
0
0
0
0

^32
0
0
0
0
0
0

0
0

0
0
0

0
0

0
0
0
0
0

0
0
0
0

0
0
0

0
0
0

^76
0
0

0
0
0
0
0
0

C70

0
0
0
0
0
0
0

-^98

The Initial conditions are 1.0 in compartment 1 and 0.0 In all others for
Model I, and 1.0 in compartment 2 at time zero and 0.0 in all others for the
other models.

Solution of these matrices for the characteristic values yield rate transfer
coefficients and fractions associated with each coefficient, so that an equation
of the form:

Rjit) a±j expU/t)

where Rj(t) is the retention in compartment j at time t and aii is the fraction
of compartment j associated with A±.

CONCLUSIONS

A method has been described and developed mathematically which can allow for
the estimation of total activity excreted through the GI tract based on analysis
of blood and liver time-activity curves. The method may.be applied to many
different forms of compartment models and results may be obtained efficiently
using the SAAM and DIFSOL software.
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DISCUSSION OF PAPERS BY K. IATHROP, E. WATSON, L. JOHANSSON AND M. STABIN

HARPER: Evelyn, can you block the fetal thyroid?

WATSON: According to Johnson in Health Physics in 1982, the fetal thyroid can be
blocked by stable iodine in an identical fashion to the mother's thyroid.

HARPER: Dr. Johansson, what agents are your model designed for?

JOHANSSON: It is a general model for large molecules like albumin, DTPA, and
EDTA.

VAN DIEREN: Dr. Johansson, to what extent would the absorbed dose estimates
change if the fluid flow is blocked; e.g., in advanced disease?

JOHANSSON: Yes, of course, it would have an effect if the flow is blocked. We
have not calculated for the pathological cases, but you can certainly estimate
the worst case of total blockage.

VAN DIEREN: Would this change the absorbed dose estimates a lot or not?

JOHANSSON: They would change a lot, yes. This alters the activity distribution
between the different regions. This will certainly affect the radiation dose to
closely situated tissues to a significant degree.

WRIGHT: I have a question for Dr. Johansson. Is there any generic model for the
metabolism of small molecules which have been administered intrathecally? If
not, are any results available from previous studies with small molecules.
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JOHANSSON: This model is not valid for small molecules. I do not know of any
similar model for small molecules. There is a vast amount of literature on the
subject published about 20 years ago. You will probably be able to find dose
estimates or biokinetic data for radiopharmaceuticals used for intrathecal
administration at that time.

CARRASQUILLO: Dr. Watson, where does the data for % injected dose in the fetal
thyroid and for half-life in thyroid come from? Was it theoretical or real?

WATSON: The data for % injected dose in the fetal thyroid came from a fit of the
measured data shown in Table 1. The biological half-times in the fetal thyroid
were obtained from the results of compartmental modeling and Berman's SAAM
software.

MATTSSON: Dr. Stabin, I understand, in your model you have a continuous emptying
of the gallbladder. Can you easily include individual emptying intervals? How
will that affect your equation?

STABIN: Yes, periodic emptying was the way we proposed. Discontinuities could
be modeled with the kinetics simulation package (SAAM) that we use. Therefore,
the expressions for the time domain solutions cannot be derived analytically.
However, if all we want to know is the ultimate clearance through this pathway
(and not the intermediate kinetics), the solutions given here will still be
valid, and the total clearance can then be applied to an accurate model which
includes these discontinuities.

HOWE: 1 guess my question is for Evelyn Watson. Currently there are not only
more pregnant women but also nursing mothers in the work place and involved in
radiopharmaceutical misadministrations. What efforts are underway to study and
develop models to predict the effects on pregnant woman, the nursing mother, or
the child when there is radioactive uptake?

WATSON: Groups such as the ICRP and the NCRP are working on this problem;
however, we know more about the radiation dose than we do about the effect.

HOSAIN: Dr. Johansson, albumin and DTPA essentially clear from the CSF in a
similar manner under normal conditions; once in the blood DTPA is cleared rapidly
in the urine.

JOHANSSON: The shown curves for blood do not include the further fate of the
radionuclide.

BRILL: I have a comment and a question for Evelyn Watson. Data on the residence
time of radioiodine in the fetal thyroid are hard to come by and we were unable
to measure it in our studies which were carried out in euthyroid women. In
Chapman's study, I presume the mothers were hyperthyroid and that may explain the
low uptake of radioiodine in the fetal thyroid. The factors influencing fetal
transfer presumably are affected by fetal thyroid avidity, circulating iodine
levels, and maternal/fetal transfer of thyroid hormone. It is not clear to me
how stable iodine given to the mother would affect fetal thyroid uptake. The
effect of blocking the mother's gland could result in an increase in fetal
transfer and I don't know of relevant data on that point. Maternal transfer of
thyroid hormone protects the athyreotic fetus, witness the ability of prompt
post-natal administration to produce a mentally normal individual. In the
absence of data, it seems reasonable to assume infinite biological retention of
radioiodine in the fetal thyroid to be an especially attractive assumption if the
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maternal transfer of thyroid hornone provides for fetal requirements. Further,
it is conservative from a radiation protection standpoint. Is this the
conceptual basis for your calculation as well?

WATSON: No, I did not make the assumption of an infinitely long biological half-
time in the fetal thyroid. Johnson has hypothesized that the half-time is
essentially infinite during the first few weeks after the thyroid begins to
function and decreases to about 70 days at term. Roedler, however, questioned
such long half-times and recommended a biological half-time of 15 days at term.
For this paper, the biological half-times were derived from the compartmental
model and the SAAM program.

BRILL: A question for Mike Stabin concerning the assumption that once the
material leaves the blood it either goes to the liver or to the nonliver, and if
it goes to the nonliver it doesn't return. I wonder why you don't recycle that
compartment model?

STABIN: The method of solution presented here can be applied to models of
varying complexity. This consideration could be included in a model and a
solution derived.

ECKERMAN: Evelyn, would you summarize your assumptions regarding the mother's
metabolism and to what extent it ir altered during pregnancy?

WATSON: In this paper I used the model of Berman in his MIRD Pamphlet No. 12 for
a 25% uptake of iodine in the woman's thyroid. This is in line with the
information that the pregnant woman has a need for more iodine during pregnancy.

DAGHIGHIAN: I have a question for Dr. Stabin. You have many different unknowns
in your model. There are only four data points. Do you assume the rest of the
constants from nonradioactive points?

STABIN: You mean in the example that I fitted?

DAGHIGHIAN: Yes.

STABIN: We were only fitting data to three compartments, two for the blood and
one for the liver. For the remaining compartments, we assumed fixed values for
transfer rate coefficients.

POSTON: Katherine, the new federal regulations place the responsibility on the
licensee for assessing the dose to the pregnant female and also the dose to the
embryo/fetus. Would you care to speculate based on your data in animals how we
are going to be able to do that or if that is going to be possible? It seems to
me that in the data you showed the metabolism of the material in the mother is
different when pregnant and not pregnant. It seems like it is almost an
impossible situation.

LATHROP: I think that I would tend to agree with that.

POSTON: Would you expect to find the same kinds of metabolism in a human in the
pregnant and nonpregnant?

LATHROP: I think so. Data obtained with mice should not be applied directly to
the human. If a reliable extrapolation method can be established the mice data
would be very useful. It may be that modifications to the pregnant woman model
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are needed to accommodate the increases In organ weight. Also distribution data
from the nonpregnant subject appear not to be applicable on the basis of these
studies.

FEINENDEGEN: I have a question for Mrs. Watson. 1 wonder whether the difference
between dose equivalent (mSv) from 1-131 and 1-125 is not too small because of
the large waste of energy from 1-125 decay in the thyroid follicles compared with
1-131 betas which effectively hit the follicular cells.

WATSON: This is quite possibly true. For this paper 1 did not attempt to
calculate a dose equivalent but chose to calculate only absorbed doses (mGy).
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CHOOSING REPRESENTATIVE BODY SIZES FOR REFERENCE ADULTS AND CHILDREN

Cristy M
Oak Ridge National Laboratory

Oak Ridge, TN 37831

ABSTRACT

In 1975 the International Commission on Radiological Protection published a
report on Reference Man (ICRP Publication 23), and a task group of the ICRP is
now revising that report. Currently "Reference Man [adult male] is defined as
being between 20-30 years of age, weighing 70 kg, is 170 cm in height, ... is a
Caucasian and is a Western European or North American in habitat
and custom" (ICRP 23, p. 4). A reference adult female (58 kg, 160 cm) was also
defined and data on the fetus and children were given, but with less detail and
fewer specific reference values because the focus of the ICRP at that time was on
young male radiation workers. The 70-kg Reference Kan (earlier called Standard
Man) has been used in radiation protection for 40 years, including the dosimetric
schema for nuclear medicine, and this 70-kg reference has been used since at
least the 1920's in physiological models. As is well known, humans in most parts
of the world have increased in size (height and weight) since this standard was
first adopted. Taking modern European populations as a reference and expanding
the age range to 20-50 years, we now suggest 176 cm height and 73-75 kg weight
for adult males and 163 cm and about 60 kg for adult females would be more
appropriate. The change in height is particularly important because many
anatomical and physiological parameters -- e.g., lean body mass, skeletal weight,
total body water, blood volume, respiratory volumes -- are correlated more
closely with height than with weight. The difference in lean body mass between
Asian and Caucasian persons, for example, is largely or wholly due to the
difference in body height. Many equations for mean body water and other
whole-body measures use body height as the only or the most important parameter,
and so it is important that reference body height be chosen well. Note also that
in ICRP 23 the values 170 and 160 cm for men and women were rounded to the
nearest 10 cm (from 174.5 and 162.6). European populations are an appropriate
reference for most white and black populations, because they are relatively
homogeneous and are well characterized (especially for children) and because most
differences between whites and blacks are not important for radiation protection.
A separate reference for Asian populations may be desirable, although the gap in
body size between Asian and western populations is narrowing, especially for
Japan. In the revised ICRP report, many values for an Asian Reference Man will be
included, and reference values for women and childrsn will also be expanded.
(Research supported by the U.S. Department of Energy under contract
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.)
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DOSE TRANSFORMATION FACTORS FOR INDIAN PHYSIQUES OF DIFFERENT AGE GROUPS

Jain SC1, Mehta SC2, Reddy AR3 and Nagaratnam A*
Institute of Nuclear Medicine & Allied Sciences Lucknow Road, Delhi-1100541

Institute for Research in Medical Statistics (ICMR), New Delhi - 1100292

Defence Laboratory, Jodhpur - 3420013

Defence Metallurgical Research Laboratory, Hyderabad - 500258*

ABSTRACT

The weight and size of the body as well as the specific organ masses were
compiled from the limited data available from postmortem records of 990 cases,
out of which 117 cases belong to age group 1-17 years of both sex. Only six
important organs, namely, brain, heart, kidney, lung, liver and spleen have been
considered for the purpose of formulating an Indian Reference Man, Woman and
Child for radiation protection purposes. These data have been compared with ICRP
reference values. The specific absorbed fraction for age groups -1 year, -5
year, -10 year, -15 year and adult male have been computed for arriving at
radiation dose to these organs in the case where source and target are the same.
The transformation method of Yamaguchi using MIRD adult values has been used for
this purpose. When the source and target organs are different, the trunk
dimensions of the adult male necessary for computing the transformation factors
have been taken from a different source based upon'1636 cases. These
transformation factors have been compared with the corresponding ICRP Reference
Man values with photon energies ranging from 30 keV to 364 keV. The computed
dose transformation factors suggest a variation of radiation dose to the Indian
adult male by 10-30% in some specific cases.

INTRODUCTION

The ICRP secondary standards like Annual Limit of Intake (ALI), Derived
Concentration in Air and Water (DAC & DWC) etc. are calculated taking into
account the anatomical, chemical and physiological characteristics of the
Reference Man as described by ICRP-23 (1) and ICRP-30 (2). An average Indian
differs significantly from the Reference Man as regards to anatomical and
physiological characteristics as shown by Venkataraman et al (3 & 4) and Jain et
al (5). Also the custom, habitat, food habits, fluid intake and environmental
conditions differ widely from that considered for ICRP Reference Man. The
present study has been undertaken to compile the available age-dependent
anatomical data with a view to formulating an Indian Reference Man, Woman and
Child for radiation protection purposes. Using these preliminary data, an
attempt has been made to compute the dose transformation factors (DTF) for
different organs using the method suggested by Yamaguchi (6).
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MATERIALS & METHODS

The weight and size of the body as well as the specific organ masses have
been compiled from postmortem records of 990 cases, out of which 117 cases belong
to age group 1-17 years of both sexes. Only cases of accidental death in which
death occurred within 72 hours of the arrival at the casualty department of the
hospital were considered and the autopsy was performed within 24 hours following
death. All the subjects were physiologically and nutritionally normal and did
not show any pathological changes. Only six important organs, namely, brain,
heart, kidney, lung, liver and spleen have been considered. Body weight, height
and mass of six organs have been computed for four age groups of children (both
sexes together) i.e. -1 yr, -5 yr, -10 yr and -15 yr on the lines followed by
ICRP in addition to adult males and females.

The radiation dose to individuals with different physiques has been
estimated from MIRD absorbed fractions (7) utilising the transformation method
given by Yamaguchi (6) . A power curve <j> — p (ms)

q was fitted to the absorbed
fraction data <j> for uniform distribution of activity in small spheres vs the mass
'ms ' of the source from the work of Brownell et al (8). The equation of best fit
was obtained for energies 30 to 364 keV and the corresponding value of 'q' was
used in calculating DTF taking into account the ratio of individual organ mass to
that of the MIRD adult phantom. When source and target organs are different, the
absorbed fraction <f> for the MIRD adult phantom was obtained for the specific set
of source and target from Appendix 'A' of Snyder et al (7). The dose-effective
distance 'x' was obtained via interpolation of * vs distance using Table 6 of
Berger (9). The dose-effective distance is modified considering the variation in
trunk dimensions, which was obtained from the anthropometric study done on 1636
adult healthy males in the age group 19-44 yr (mean age 27.0 ± 4.9) (10). This
group of males belong to various geographical regions and ethnic groups and were
in the armed forces. The specific absorbed fraction was interpolated back for
this modified distance and DTF was calculated from SAFs and organ masses in two
cases. A comparison has been made with the corresponding transformation factors
for ICRP reference values. The photon energies considered are from 30 keV to 364
keV.

RESULTS & DISCUSSION

Table 1 summarises the mean body weight and height along with standard
deviation for 1 yr, 5 yr, 10 yr, 15 yr age group children, adult male and female
of an Indian population. These were generally found to be on the lower side as
compared to corresponding ICRP values. The statistical significance test on the
difference was not possible due to nonavailability of a measure of variation in
the ICRP data set. The mass of various organs for children of various age
groups, adult male, and female have been summarized in Table 2. Again the average
mass of various organs was found to be lower in the Indian child for all age
groups > 10 yr. In lower age groups, the absolute as well as relative masses of
heart, lung, liver and spleen were found to be higher. This trend could be
attributed to inadequate health care and relatively unhygienic conditions
prevailing in many parts of the country, children being particularly susceptible
to various liver and lung diseases.
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Table 1

Body height and weight of 1 y, 5 y, 10
child, adult male & female in Indian

Age (y)

1

d-2)

5
(2-7)

10
(7-12)

15
(12-17)

Adult male
(21-86)

Adult female
(21-85)

Height (cm)

61.3 ± 25.4
(7)

105.3 ± 15.6
(19)

128.6 ± 16.4
(17)

156.3 ± 9.1
(53)

167.2 ± 6.7
(507)

154.9 ± 6.8
(177)

y, and 15 y
Population

Weight (kg)

9.0 ± 4.0
(6)

18.4 ± 6.5
(9)

38.0 ± 9.1
(8)

50.1 ± 6.3
(28)

63.8 ± 9.0
(302)

54.1 ± 7.8
(105)

No. in bracket for height and weight indicates the sample size.
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Table 2

Mass of various organs for 1 y, 5 y, 10 y and 15 y child,
adult male and female in Indian Population

Age
(y)

1
(1-2)

5
(2-7)

10
(7-12)

15
(12-17)

Adult
Male
(21-86)

Adult
Female
(21-85)

Brain

719±379
(7)

950±228
(27)

1061±137
(19)

11831196
(52)

1255±171
(486)

122O±12O
(167)

Heart

60±39
(6)

128±52
(22)

178±49
(16)

223132
(39)

251158
(417)

239+37
(139)

Mass (g

Kidney

60134
(6)

123145
(26)

161132
(18)

207138
(58)

211142
(531)

207132
(180)

)

Lung

2611142
(9)

6471201
(29)

7031105
(19)

9581159
(59)

981+144
(554)

9661167
(181)

Liver

313+187
(8)

830+238
(29)

10471160
(19)

1255+169
(58)

13261192
(547)

1283+195
(182)

Spleen

35119
(4)

99148
(21)

112135
(17)

138+30
(44)

149154
(426)

146+29
(146)

No. in bracket for organ masses indicates the sample size

Table 3-7 summarizes the comparision of DTF between the Indian and ICRP
Reference Man and Child as a function of age when source and target are the same.
It is seen that the variation in DTF for children in all age groups is around 1
22% for the case of liver and heart and around + 13% in the case of kidneys.
However, for spleen, this factor was consistently lower (up to 39%) and for
brain, higher (up to 23%). This can be attributed to larger or smaller
differences in relative masses of the specific organs considered. However, for
adult male, DTFs were found to be higher up to 26%, 34%, 14%, 8% and 25% in
liver, kidneys, spleen, brain and heart, respectively.

223



Table 3

Dose transformation factors for liver as both source and target

Age (y)

1

5

10

15

Adult male

Category

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

3
3

1
2

1
1

1
1

1
1

30

.43

.62

.74

.23

.48

.66

.30

.21

.27

.01

3
3

1
2

1
1

1
1

1
1

Photon

40

.14

.30

.67

.10

.44

.60

.28

.19

.25

.01

Energy

80

2.93
3.07

1.62
2.01

1.41
1.56

1.26
1.18

1.23
1.01

(keV)

100

2.98
3.13

1.63
2.03

1.42
1.57

1.26
1.18

1.23
1.01

364

3.03
3.19

1.65
2.05

1.43
1.58

1.27
1.18

1.24
1.01

Table 4

Dose transformation factor for kidneys as both source and target

Age (y)

1

5

10

15

Adult male

Category

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

3
2

1
1

1
1

1
1

1
0

30

.00

.90

.79

.89

.51

.43

.25

.11

.27

.95

2
2

1
1

1
1

1
1

1
0

Photon

40

.78

.69

.72

.81

.47

.39

.23

.10

.25

.95

Energy

80

2.61
2.53

1.66
1.60

1.43
1.37

1.21
1.10

1.23
0.96

(keV)

100

2.65
2.57

1.68
1.61

1.44
1.37

1.22
1.10

1.23
0.96

364

2.69
2.61

1.69
1.62

1.45
1.38

1.22
1.10

1.24
0.96
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Table 5

Dose transformation factors for spleen as both source and target

Age (y)

1

5

10

15

Adult male

Category

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

3
3

1
2

1
1

1
1

1
0

30

.10

.86

.49

.48

.39

.78

.17

.29

.12

40

2.86
3.51

1.44
2.32

1.36
1.71

1.16
1.26

1.11
0.99

Photon Energy

80

2.86
3.25

1.41
2.20

1.33
1.65

1.15
1.24

1.10
0.99

(keV)

100

2.72
3.31

1.42
2.23

1.34
1.66

1.15
1.25

1.10
0.99

364

2.77
3.38

1.43
2.26

1.35
1.68

1.16
1.25

1.11
0.99

Table 6

Dose transformation factors for brain as both source and target

Age (y)

1

5

10

15

Adult male

Category

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

1
1

1
1

1
1

1
1

1
1

30

.65

.43

.36

.11

.26

.06

.16

.03

.12

.04

1
1

1
1

1
1

1
1

1
1

Photon Energy

40

.59

.39

.33

.11

.24

.05

.15

.03

.11

.03

80

1.55
1.36

1.31
1.10

1.22
1.05

1.14
1.03

1.10
1.03

(keV)

100

1.56
1.37

1.31
1.10

1.23
1.05

1.14
1.03

1.11
1 .03

364

1.57
1.38

1.32
1.10

1.23
1.05

1.15
1.03

1.11
1.03

225



Table.7

Dose transformation factors for heart as both source and target

Age (y)

1

5

10

15

Adult male

Category

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

5
5

2
3

2
2

1
1

1
1

30

.01

.66

.92

.71

.33

.64

.99

.90

.91

.53

4
5

2
3

2
2

1
1

1
1

Photon

40

.hi

.00

.71

.37

.19

.46

.90

.81

.82

.48

Energy

80

4.07
4.53

2.55
3.13

2.09
2.33

1.83
1.75

1.75
1.45

(keV)

100

4.17
4.65

2.59
3.19

2.11
2.36

1.84
1.77

1.77
1.45

364

4.27
4.76

2.63
3.25

2.14
2.40

1.86
1.78

1.79
1.46

The computation of DTF, when the source and target are different, requires
information on trunk dimensions. For the Indian adult male, these data are
computed to be 63.0 cm length, 29.5 cm breadth and 21.5 cm depth. These values
have been arrived at using the anthropometric data on 1636 healthy young males.
Since such data were not available in lower age groups, the calculation of DTF
could not be possible. The DTFs for adult male in few selected cases of clinical
interest as regards to source-target combinations were considered, namely, (i)
lungs*-kidney, (ii) liver«-kidney, (iii) spleen«-kidney, (iv) spleen«-liver and
(v) lungs«-liver. These are shown against ICRP reference values in Table 8. The
variation in DTF ranged from 2-94% in Indian physiques as against 2-5% in ICRP
Reference Man.
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Table 8

Dose transformation factors for source and target being
different for adult male

Source

Kidneys

Kidneys

Kidneys

Liver

Liver

Target

Lungs

Liver

Spleen

Spleen

Lungs

Category

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

Indian
ICRP

30

1.83
1.00

1.48
0.98

1.85
1.02

1.81
1.02

1.88
0.97

Photon Energy (keV)

40

1.30
1.00

1.00
0.98

1.08
1.02

1.50
1.02

1.31
0.97

80

1.49
1.00

0.93
0.98

1.00
1.02

1.31
1.02

1.37
0.97

100

1.59
1.00

1.35
0.98

1.05
1.02

1.45
1.02

1.35
0.97

364

1.27
1.00

0.91
0.98

1.05
1.02

1.13
1.02

1.08
0.97

It may be concluded that the Indian man and child have smaller body lengths
and weights, thus implying a smaller physical stature in comparision to ICRP
Reference Man and Child. The masses of various organs considered were also found
to be generally lower than ICRP values (the major exception being liver and
spleen in children). Therefore, we can expect an altered source-target distance
in Indian physiques. The DTF, which can be computed easily from available MIRD
pamphlets, is a useful indicator for some of the modifications necessary in the
individual organ dose estimation. For computing the DTF for the children where
the source and target are different, more anthropometric information about Indian
children will be required.
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A NEW MATHEMATICAL MODEL OF GASTROINTESTINAL TRANSIT INCORPORATING
AGE- AND GENDER-DEPENDENT PHYSIOLOGICAL PARAMETERS

Stubbs JB
Oak Ridge Associated Universities

Oak Ridge, TN 37831-0117

ABSTRACT

As part of the revision by the International Commission on Radiological
Protection (ICRP) of its report on Reference Man, an extensive review of the
literature regarding anatomy and morphology of the gastrointestinal (GI) tract
has been completed. Data on age-and gender-dependent GI physiology and motility
may be included in the proposed ICRP report. A new mathematical model describing
the transit of substances through the GI tract as well as the absorption and
secretion of material in the GI tract has been developed. This mathematical
description of GI tract kinetics utilizes more physiologically accurate transit
processes than the mathematically simple, but nonphysiological, GI tract model
that was used in ICRP Report 30. The proposed model uses a combination of zero-
and first-order kinetics to describe motility. Some of the physiological
parameters that the new model accounts for include sex, age, pathophysiological
condition and meal phase (solid versus liquid). A computer algorithm, written in
BASIC, based on this new moc'el has been derived and results will be compared to
those of the ICRP-30 model.

INTRODUCTION

In 1989, the International Commission on Radiological Protection began a
complete revision of its report on Reference Man, ICRP 23 (1). The chapter
concerning the gastrointestinal tract is currently under review. As a result of
this review process, a more detailed description of GI tract physiology and
motility has been developed. The new information is from sources published after
the GI physiology review paper of Eve (2) and the GI tract dosimetry paper of
Dolphin and Eve (3).

The GI model developed from the paper of Eve (2) is currently twenty-five
years old. With the development of scintigraphic procedures for imaging of the
gut, a substantial body of new data has been collected regarding the movement of
substances through the GI tract. Before the widespread use of scintigraphic GI
procedures, it was very difficult to measure the transit of substances through
the GI tract except by fecal sample collections or radiographic localization of
radiopaque markers (e.g., upper/lower GI series). There were no accurate,
reliable, easily tolerated (i.e., noninvasive) methods for studying the transit
of substances through individual segments of the GI tract such as the stomach,
small intestine or colon. With the development of GI nuclear medicine
procedures, it became possible to observe the transit of radiolabeled substances
through the whole, or any part of, the GI tract without perturbing GI motility.
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Table 1 gives a partial summary of the radionuclides currently in use for
gastrointestinal imaging.

Table 1

Radionuclides and Portions of the Gastrointestinal Tract Studied

Radionuclide

Tc-99m
In-Ill

Sm-153
Re-186
1-131

Label

sulfur colloid
DTPA in water,
sealed sources

gelatin capsule
gelatin capsule
cellulose fiber

Gas trointe s t inal

stomach,
Stomach,
Stomach
Stomach,
Stomach,
Colon

Sm. Int
Ileum,
, Ileum,
Sm. Int
Sm. Int

Segment

., Colon
Colon
Colon
., Colon
., Colon

The main objective of this research was to incorporate recently acquired
physiological data into a new mathematical model of gastrointestinal transit. I
have derived this GI tract model using published values of transit rates and
experimentally-determined GI-tract kinetics. This new model uses a combination
of zero- and first-order kinetics to describe motility and absorptive processes.
This has resulted in a more complex, and more physiologically accurate,
mathematical model of human gastrointestinal r.ransit than that of ICRP 30 (4).

ICRP-30 GASTROINTESTINAL TRACT MODEL

The ICRP-30 GI tract model is based on the paper of Dolphin and Eve (3).
Some of tba kinetic data for this model was obtained by Eve (1). As mentioned
previously, the model was derived from data obtained by methods that did not lend
themselves to accurate quantitation. In the past 20 years, an abundance of GI
motility data has been generated from new, noninvasive techniques, the bulk of
which are scintigraphic in nature. With the availability of these new data, the
ICRP 30 GI model could be reviewed to determine if a new mathematical model was
needed, or if the model simply needed an updating of the kinetic parameters.

The ICRP 30 model is a four-compartment catenary model whose components,
physiologically, are the stomach, small intestine (SI), upper large intestine
(ULI) and the lower large intestine (LLI). The model allows for a time-varying
input function into the stomach and one-way (distally) intercompartmental
transfer. The model also allows for absorption into the circulation from the
small intestine. The transfer of GI tract contents (intercompartmental transfer
rates) are first order processes. The recommended transfer rate coefficients are
approximations based on experimental data and per diem "occupancy". Figure 1
shows a box diagram of the ICRP 30 GI tract compartment model and its associated
transfer rate coefficients. For the sake of simplicity (the ICRP 30 model was
used to set standards for occupational workers), no effort was made to model the
effects of several important variables on GI motility. Some variables, which
might be important, include: gender, age and meal macronutrient composition.
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Ingestion

Stomach (ST)

Small Intestine X
Body Fluids

Upper Large

Intestine (ULI)

Lower Large
Intestine (LLI)

Excretion

Figure 1. Compartmental model and associated transfer rate
coefficients of the ICRP 30 GI tract model.

PROPOSED GI TRACT MATHEMATICAL MODEL

A review of the literature regarding GI transit revealed that a change in
the type of kinetics used to model the GI tract might be needed. The proposed
model was developed at the Radiopharmaceutical Internal Dose Information Ceutsr,
RIDIC, of the Oak Ridge Associated Universities and is designated the "RIDIC
model". The RIDIC Gl-tract model uses both zero order and first order kinetics
to describe the transit and absorption of substances in the GI tract. No attempt
was made to revise the dimensions or other dosimetric parameters (e.g., mass of
contents and walls) described by Dolphin and Eve (3). Figure 2 shows a box
diagram of the proposed GI tract compartment model.

STOMACH

Gastric emptying is the process of moving the gastric contents into the
small intestine. Material is emptied from the stomach in the following order:
liquids, solids and nondigestible solids. Nondigestible solids refer to material
with any linear dimension greater than 2 millimeters. These nondigestible solids
are retained in the stomach until the digestible solids have evacuated (5).
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After completion of gastric emptying of digestible solids, a series of migrating
motor complexes move distally through the stomach effectively "sweeping" these
nondigestible solids into the small intestine.

L

abs

Stomach

Small

Intestine

RIDIC Gl Tract Model

Solids

Liquids

Delay

30 rn

50% bolus

Ascending

Colon

A->T Transverse

Colon

R \b.

VA
A T->D

R • radioactive decay

abs • absorption

Descending
Rectosigmoid

Colon

•T100% • Bolus
Excreted

Figure 2. Compartmental model representative of the RIDIC Gl-tract model. Note
that this model incorporates two gastric outlet pathways and all compartments,
except the transverse colon and descending/rectosigmoid colon, allow for
absorption of lumenal contents.

A multitude of factors affect the rate of gastric emptying. The main factor
governing liquid emptying is the volume of fluid present in the stomach. Because
liquid emptying is a first order process, the emptying rate is proportional to
the amount of fluid present in the stomach (6). This implies that the gastric
emptying of liquids is best modeled by an exponential function of time. In
contrast, the emptying of solids is thought to be a linear, or zero order,
process. Gastric emptying of solids has also been modeled as exponential and
power exponential functions. Other factors affecting the gastric emptying rate
are acidity, osmolarity, and fat or amino acid content. Increasing any of these
factors will reduce the gastric emptying rate.

The half-times for gastric emptying of solids and liquids were found to vary
over a wide range depending on many physiological factors. The half-times for
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The half-times for gastric emptying of solids and liquids were found to vary
over a wide range depending on many physiological factors. The half-times for
the solids component ranged from 34.93 minutes (7) to 173.84 minutes (8) and for
the liquid component from 14.5 minutes (9) to 123.23 minutes (10). The model
uses half-time values of 60 minutes and 30 minutes for solids and liquids,
respectively. There is a preponderance of literature reporting gastric emptying
half-times centered about these values. The values chosen are, rounded to the
nearest 10 minutes, close approximations to the mean of many reported solid and
liquid gastric emptying half-times.

Absorption of the ingested radiophannaceutical (RP) , from the liquid phas'e,
in the stomach was provided for by the inclusion of an absorption coefficient in
the stomach compartment. Skrable et al (11) calculated a coefficient based on
values for percent absorption and the transit time of the RP in the stomach (Eq.
1). An alternative approach was used for the proposed model because all GI
segments that were modeled to include absorption (except the liquid phase of
gastric emptying) required mixtures of zero and first order kinetics to
realistically describe the retention and transit. The first order terms included
radioactive decay and absorption and the zero order terms were transit into and
out of a given segment. The method of determining the absorption rate
coefficients was an iterative scheme where the analytical solution for a given
segment's fractional absorption, as a function of its absorption rate
coefficient, was set equal to a user-supplied value for the fractional
absorption. The iterative scheme automatically adjusted the absorption rate
coefficient until the desired and calculated fractional absorption values were in
good agreement (less than 0.01 percent difference). The same iterative schema
was also used to determine the absorption coefficient in the other GI tract
segments for which absorption is allowed (i.e., the small intestine and the
ascending colon).

*'«!» = ̂ ln(l - ft)
1i

where Aiabs = segmental absorption rate
Tx = transit time for i

th GI tract segment and
fi = fraction absorbed in the i

th GI tract segment.

SMALL INTESTINE

The small intestine can be considered as a convoluted tube consisting of
three anatomical segments: duodenum, jejunum and ileum. The duodenum is
approximately 25 centimeters in length and the jejunum and ileum are
approximately 258 centimeters long. It has been reported that small intestinal
contents traverse the duodenum in less than a minute, in a linear fashion (12).
According to another study (13) . small bowel transit is independent of the
gastric emptying rate because the transit and emptying of these GI tract segments
are controlled by their own regulatory mechanisms. This claim was supported by
Davis and coworkers (14) who reported that the mean small intestinal transit time
was 3-4 hours. A small intestinal transit time of 4 hours (15) has also been
reported. A linear transit rate of 4.2-5.6 centimeters per minute has also been
reported (12). Read, et al (13), reported that the terminal ileum appears to act
as an area of relative stasis. Because the literature review most frequently
yielded a small intestinal transit time of 4 hours, the RIDIC model utilized a
small intestinal transit time (linear) of 4.0 hours.

233



Upon completion of gastric emptying and SI transit (4 hours) the model
stipulates that 50 % of the ingested activity is transferred to the ascending
colon in a single bolus. Thirty minutes later, the remaining small intestinal
activity is transferred to the ascending colon in a single bolus. This mode of
activity transfer from small intestine to colon was based primarily on the
author's experience with the scintigraphy of ileal emptying (16). This dual-
bolus transfer effectively decouples the colon from the upper GI tract, which
also simplifies the model.

LARGE INTESTINE

The colon, for dosimetric purposes and simplicity, was divided into two
segments, the upper large intestine (ULI) and the lower large intestine (LLI)
(3,4). With recent advances in colonic transit scintigraphy, the segmental
transit of colonic contents has been assessed using three segments (17) and seven
segments (18,19). The proposed model divides the colon into three segments, the
ascending colon (AC), transverse colon (TC) and the descending/rectosigmoid colon
(DRC) .

Absorption of the RP from the ascending colon was explicitly modeled using
the iterative scheme previously described. The transit times between colonic
segments were derived from the segmental transit time data of Stubbs et al (19).
The transit times through the AC and TC were 8.4 hours and 7.3 hours,
respectively. The activity was assumed to be excreted from the colon at 16 hours
after complete emptying of the transverse colonic contents into the descending
colon.

RESULTS

A computer program, written in BASIC, determines the percent of ingested
radiopharmaceutical in each GI tract segment as a function of time and the
residence time of the ingested radiopharmaceutical in each GI segment. These
residence times can be used in MIRD calculations of absorbed dose to the
gastrointestinal tract.

A qualitative comparison was made between the retention of the ingested
radiopharmaceutical in the various GI segments for three radionuclides using the
ICRP-30 model and the proposed model. The most commonly used radionuclides in GI
transit studies are Tc-99m, In-111 and 1-131. Figures 3 and 4 illustrate the
similarities and differences of the two models for Tc-99m and In-Ill.

The residence times calculated by the two models are summarized in Table 2
for Tc-99m, In-111 and 1-131. The GI segment with the largest differences in
residence time is the small intestine. These differences represent an increase
of 44%, 33% and 32% for Tc-99m, In-111 and 1-131, respectively, for the RIDIC
model over the ICRP model. The RIDIC model shows a relative decrease in
residence time in the colon compared to the ICRP model. (For comparative
purposes, add together the residence times for the AC and TC segments of the
RIDIC model.) The lower residence times in the colon for the RIDIC model are due
to the change in kinetic parameters for colonic transit that have been
incorporated into that model.
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Figure 3. Comparison of the RIDIC Gl-tract model and the ICRP 30 Gl-tract model
for ingestion of a nonabsorbable Tc-99m labeled substance. In this example, the
RIDIC model assumes the radiolabel is attached to solid phase of the ingested
meal. Of note is the difference in excretory patterns, i.e., ICRP 30 has
continuous excretion but the RIDIC model excretion simulates a step-function.
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Figure 4. Comparison of the RIDIC GI-tract model and the ICRP 30 GI-tract model
for ingestion of a nonabsorbable In-lll labeled substance. In this example, the
RIDIC model assumes the radiolabel is attached to solid phase of the ingested
meal. Of note is the difference in excretory patterns, i.e., ICRP 30 has
continuous excretion but the RIDIC model excretion simulates a step-function.
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Table 2
Comparison of Residence Times

for Normal, Young Males

Organ

Stomach1

Sm. Int.
ULI/AC
/TC

LLI/DRC

Tc-99m
Model

ICRP

0.90
2.45
3.19
NAZ

1.56

RIDIC

0.
3.
1.
1.
1.

93
53
60
50
03

In-Ill
Model

ICRP

0.99
3.80

10.9
NA

16.2

RIDIC

0.99
5.06
4.06
6.31

15.22

i-;L31
Model

ICRP

1.00
3.93

12.2
NA

20.7

RIDIC

1.00
5.18
4.31
6.93

18.3

Residence times are in units of hours
1) 100% in the solid phase for the RIDIC model.
2) NA - not applicable

The stomach residence times are virtually unchanged by the RIDIC model for
the case of solid-phase stomach contents. If the ingested radiopharmaceutical is
assumed to have been in the liquid phase, then the stomach residence times are
decreased and the small intestinal residence times are concomitantly increased,
for the RIDIC model as compared to the ICRP model. Table 3 illustrates the
effect of ingesting a liquid phase marker on residence times. The ICRP model
does not account for altered gastric emptying and therefore shows no change in
residence times. The differences for the stomach represent a decrease of 26%,
27% and 28% for Tc-99m, In-Ill and 1-131, respectively, for the RIDIC model over
the ICRP model. The differences for the small intestine represent an increase of
55%, 41% and 39% for Tc-99m, In-111 and 1-131, respectively, for the RIDIC model
over the ICRP model. The colonic residence times (RIDIC model) are unchanged
because of the mathematical decoupling of the small intestine from the colon.
The differences between residence times in the lower large intestine (LLI) and
descending rectosigmoid colon (DRC) tend to increase as the physical half-life of
the ingested radionuclide decreases.

Table 3
Comparison of Residence Times

for Normal, Young Males

Organ

Stomach1

Sm. Int.
ULI/AC
/TC

LLI/DRC

ICRP

0.90
2.45
3.19
NA2

1.56

Tc-99m
Model

RIDIC

0.67
3.79
1.60
1.50
1.03

In-111
Model

ICRP

0.99
3.80

10.9
NA

16.2

RIDIC

0.72
5.34
4.05
6.31

15.21

1-131
Model

ICRP

1.00
3.93

12.2
NA

20.7

RIDIC

0.72
5.46
4.31
6.93

18.3

Residence times are in units of hours
1) 100% in the liquid phase for the RIDIC model.
2) NA •» not applicable

The effect of gender and age on gastrointestinal transit is demonstrated in
Table 4. Gastric residence times are affected because of increased gastric
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emptying half-times found in females and elderly males. Small bowel residence
times are largely unaffected because the small intestinal transit rates have not
been shown to be affected by these physiological parameters. The effect of
gender and age on colonic transit has not been significantly investigated at this
time; however, a growing body of data suggests there are effects (particularly
slowing effects) on colonic transit in women during different stages of the
menstrual cycle. These effects were not included in the data of Table 4.

Table 4
Comparison of Residence Times for Three
Subject Populations (Tc-99m radiolabel)

Organ

S tomach1

Sm. Int.
ULI/AC

/TC
LLI/DRC

ICRP-30

0.90
2.45
3.19
NA2

1.56

Young
Males

0.93
3.53
1.60
1.50
1.03

>60yo
Males

0.93
3.53
1.60
1.50
1.03

Females

1.38
3.58
1.42
1.34
0.92

Residence times are in units of hours
1) 100% in the solid phase for the RIDIC model.
2) NA — not applicable

>60yo =• greater than 60 years old

The results for young and elderly males show no difference because there
have been no reported differences in GI transit kinetics (except for liquid phase
gastric emptying) between these populations. Women have substantially longer
solid phase gastric emptying half times and thus have longer stomach residence
times.

DISCUSSION

At least two other models have been proposed for mathematically describing
the GI tract for dosimetric purposes. Bernard and Hayes (20) derived a
mathematical model of the gastrointestinal tract from a four-compartment catenary
model with absorption allowed in all four compartments. This model also used the
intercompartmental transfer rates of Eve (1). Skrable et al (11) published a
mathematical model of the GI tract that utilized a "slug flow" model where the
flow rate was equal to the mass of the contents divided by the segmental
residence time. This model, like the ICRP 30 GI tract model, was based on the
physiological model of Eve (1). Differences with this model and that of ICRP-30
include using different intercompartmental transfer kinetics and allowance for
absorption in all four GI-tract segments.

The RIDIC model of GI-tract kinetics utilizes the latest compilation of GI
transit data since Dolphin and Eve (4). The literature review provided a large
body of data to support the use of zero-order kinetics through much of the GI
tract and the further division of the colon into three segments rather than two
segments. The data providing estimates for the kinetic parameters were obtained
predominately by noninvasive procedures thus ensuring little, if any,
perturbation of GI motility by the measurement itself. The RIDIC model has an
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additional advantage over the ICRP 30 GI model because the absorption of
radionuclides from the stomach, small intestine and ascending colon can be
simulated rather than only the small intestine.

The computer program, based upon the RIDIC model, allows the user to specify
the meal phase (solid, liquid or a combination of these) and several other
factors that influence the gastric emptying rate. These other factors include
age, gender, pregnancy, tobacco usage and meal macronutrient content (fat,
protein and carbohydrate composition). A linear half-emptying time of 1.0 hours
was used primarily to approximate the current ICRP-30 model more closely. A more
reasonable solids half-time would be in the range of 80-100 minutes, however, the
impact on the GI segmental residence times would be confined to the stomach
(slightly higher residence times) and the small intestine (slightly lower
residence times).

Experimental data were used to alter the gastric emptying rate for solids
and liquids according to gender. Solid gastric emptying half-times of 59.8
minutes (males) and 92.4 minutes (females) and liquid gastric emptying half-times
of 30.3 minutes (males) and 53.8 minutes (females) have been reported (21).
These results imply a 55% increase for solid gastric emptying half-time and a 78%
increase for liquids in the female as compared to the male. Moore and coworkers
(22) have reported a 38% increase in liquid emptying half-time in men over 60
years of age compared to younger men (68 minutes and 94 minutes, for young and
elderly males, respectively) but also showed no difference in solid emptying
half-times between these two populations. Contradictory evidence exists
regarding the effect of menstrual cycle phase on gastric emptying. Horowitz et
al (23) reported that women in the luteal phase and follicular phase had similar
solid and liquid phase gastric emptying, whereas Gill and coworkers (9) reported
solid emptying half-times of 58.0 minutes (follicular phase) and 78.6 minutes
(luteal phase) but no differences in liquid emptying rates. Goo et al (24) have
reported an approximate 50% increase in solid phase half-time in subjects studied
in the morning and evening, 60 minutes and 90 minutes, respectively. The
computer program allows the user to customize the governing equations (and thus
the solution of the model) to account for these variables. Table 4 demonstrates
the effects of age and gender on the GI tract residence times.

The small intestine is difficult to study scintigraphically or
radiographically and pulmonary hydrogen concentration procedures are restricted
to measuring the initial arrival of sugars (sucrose or lactulose) in the cecum.
Although a wide range of small intestinal transit times have been reported, the
value (4 hours) used in the RIDIC model is well supported by the literature.
There is a paucity of data regarding variables affecting small intestinal
transit.

The large intestine has only recently been studied in a detailed and
extensive manner (17-19). Newer procedures have allowed the measurement of
colonic transit noninvasively and have yielded reproducible segmental transit
times. The transit times used by the RIDIC model pertain solely to asymptomatic
males. McLean et al (17) demonstrated that constipated patients had
significantly higher total colonic retention of 1-131 labeled cellulose at 24-
hours (84% vs 48%), 48-hours (63% vs. 11%), 72-hours (43% vs. 3%) and 96-hours
(30% vs. 0%) than normal subjects. As this illustrates, the absorbed dose to the
colonic segments is substantially higher (particularly for long-lived
radionuclides) in constipated individuals.
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A new set of specific absorbed fractions (SAFs) needed for this model have
been calculated. The SAFs and S-values for radionuclides commonly used in GI
transit procedures, are currently being tabulated and will be published in the
near future. Absorbed doses may still be estimated by this model by utilizing
the existing SAFs or S-values and summing the residence times for the ascending
colon and transverse colon to obtain the upper large intestine (ULI) residence
time.

The RIDIC model is derived from kinetic parameters that were developed more
recently than those used in the ICRP 30 GI model. As nuclear medicine has become
more involved in the diagnostic process of gastroenterological workups, a more
sophisticated model for determining absorbed dose to the GI tract has become
needed. Because many patients being seen for GI symptoms have altered GI
motility, the mathematical model should be sufficiently robust to account for
possible altered states of GI transit. The RIDIC model has the flexibility to
account for rapid-to-delayed gastric emptying and altered large bowel function,
segmental absorption (three segments compared to one for the ICRP model) and
patient-specific physiology (e.g., gender, age and meal composition). The RIDIC
model will have utility in the occupational-worker populations in the same manner
as the ICRP 30 model. An additional benefit for occupational use of the new
model is that it is specific for males, females and older workers rather than the
young male "Reference Man" for which ICRP 30 was developed.
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ABSTRACT

At present, absorbed dose calculations for radionuclides in the human
circulatory system use relatively simple models and are restricted in their
applications. To determine absorbed doses to the blood and to the surface of the
blood vessel wall, Monte Carlo calculations were performed using the code
Electron Gamma Shower (EGS4). Absorbed doses were calculated for the blood and
the blood vessel wall (lumen) for different blood vessel sizes. The
radionuclides chosen for this study were those commonly used in nuclear medicine.
No diffusion of the radionuclide into the blood vessel was or cross fire between
blood vessels was assumed. Results are useful in assessing the doses to blood
and blood vessel walls for different nuclear medicine procedures.

INTRODUCTION

A number of radionuclides are used for purposes of medical imaging,
radiation therapy, and in vivo determination of kinetic factors for modeling.
Use of these radionuclides often delivers large doses to certain regions and
organs of the body. When the material is injected intravenously, there is the
possibility of delivering large doses to blood vessels. There have been several
simplified attempts to estimate the dose to the blood and the vessel wall. For
example, Cloutier and Watson (1) investigated the absorbed fraction for
non-penetrating radiation due to a few selected radionuclides in the blood. Hui
and Poston (2) attempted to model the major features of the circulatory system in
an adult human but focussed primarily on photon absorbed fractions. Explicit
calculations of doses to the surface area of the vessel and to the blood
containing the emitter are not available in the literature. The purpose of this
paper is to report calculations of absorbed doses to the blood and to the surface
of the blood vessel walls of the circulatory system for selected radionuclides.
The vascular system is important for the integrity and function of all tissues.
Moreover, damage to the blood vessels may initiate, promote, or precipitate
various types of damage in many organs. The main functions of the vascular
system are to supply nutrients and oxygen, and to remove metabolic products.
Damage induced by irradiation of the vascular system may be expressed from
several months to years after exposure. Late changes in blood vessels observed
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after irradiation include a reduction in the number of endothelial cells, wall
thickening and focal occlusion with subsequent decrease in blood flow. These
changes may be important in the development of damage to other tissues.

Estimated absorbed doses to the organs of the body from radionuclides
distributed in the blood depend on the assumptions used in the calculations. For
radiations that are usually considered to be nonpenetrating, the absorbed
fraction of energy has not been examined in detail. When considering
radionuclides carried in the blood stream, the absorbed fraction depends on the
geometry of the circulatory system. In large blood vessels, the self-absorbed
fraction for non-penetrating radiation approaches unity, and little of the energy
reaches the organ through which the blood flows. The amount of energy reaching
the organ depends on the distribution of the blood and the size of the blood
vessels. Other factors also must be taken into account: first, the radius of
the vessel; second, the concentration of the radionuclide in the blood; third,
the types of radiation and their spectral shapes; and fourth, the exposure time,
which is determined by the rate of injection, blood flow, retention time, etc.

The circulatory system comprises all structures concerned with the
transportation of body fluids from one region of the body to another. The
structures comprising the blood-vascular system are the heart, which by
contraction forces blood through the blood vessels; arteries, which conduct blood
from the heart to tissues with their smaller branches called arterioles; veins,
which conduct blood from tissues to the heart with their smaller branches called
venules; and capillaries, extremely small vessels which connect arteries and
ve ins.

Figure 1 shows the average percentage distribution of blood in a resting man
(3), and Table 1 presents representative dimensions of blood vessels in the
circulatory system (4). As Figure 1 shows, only about 5% of the total amount of
blood in the body is in the capillaries; however, this blood is exposed to a
large surface area that facilitates the transfer of oxygen, carbon dioxide,
nutrients, and electrolytes through their walls.

5% 10%

11%

Arterial system
Venous system
Pulmonary system
Heart
Capillaries

65%

Figure 1. Distribution of blood volume in resting man (3)
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Table 1. Representative Values of Blood Vessels for the Circulatory System (4)

1

Aorta:
II Ascending

Descending

II
Abdominals

Arteries:
Common iliac

Common carotid

Small arteries

Arterioles:
Capillaries:

Venae cavae:
Superior

Inferior

Veins

Venules

Arteries:

Adult Arterial

Sex

male
female
male
female
male
female

male
female
male
female
both

both
both

System

Thickness of
wall (mm)

1.63
1.48
1.20
1.11
1.14
1.08

0.93
0.89
0.91
0.81
0.80

and lower
20/im
1/un

Adult Venous System

Sex

male
female
male
female
male
female
both

Adult Pulmonary

Sex

male
female

Thickness of
wall (mm)

1.50
1.50
1.50
1.50
0.50
0.50
2 fim

System

Thickness of
wall (mm)

1.27
0.96

Diameter of
lumen (cm)

2.50
2.50
2.50
2.50

0.90-1.80
0.90-1.80

0.90-1.80
0.90-1.80

0.67
0.67
0.40

16-30 /im
8-10 /im

Diameter of
lumen (cm)

3.00
3.00
3.00
3.00
0.50
0.50
20 pm

Diameter of
lumen (cm)

2.40
2.40

METHODOLOGY

With the advent of Monte Carlo codes capable of simulating electron
transport, it is possible to assess the energy deposition patterns of electrons.
The code Electron Gamma Shower (EGS4) was used in this research because it is
versatile and allows the manipulation of three-dimensional geometries (5). The
EGS4 code is a general purpose package for the simulation of electrons (+ or -)
and photons in any element, compound, or mixture. Data and cross sections are
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created by the preprocessor PEGS4 using pross sections for elements 1 through
100.

The code has been shown to be acceptable for the energy range of 1 keV to 1
GeV for photons and 10 keV to 1 GeV for electrons. The code can be used to
simulate closely all electron interactions in matter such as Bremsstrahlung,
backscatter, and knock-on electrons, which are transported if their energies are
above a certain threshold. Electron transport was simulated by assuming that
electrons are moved through the material in discrete steps. The electron step
size was restricted not to exceed a maximum fraction of energy loss previously
established. This fraction has the variable name ESTEPE in the EGS4 system code
and was set equal to 1%. The lower cutoff energies were set to 10 keV and 1 keV
for electrons and photons, respectively. Blood and blood vessel walls were
considered to be tissue equivalent; thus, all transport calculations were made
for tissue-equivalent material (4).

In general it is possible to assume that a blood vessel (arteries and veins)
can be represented by a long annular cylinder, although actually the vessel
nearly resembles an elongated circular cone. In these calculations it was
assumed that the inner radius of the cylinder was Ro and the outer radius was
2R0. The cylinder was subdivided arbitrarily into 100 annular regions with

thickness AR (i.e., 2R0/100). A cross section of the cylinder is shown in Figure
2. The inner region of the cylinder, (the lumen) with radius Ro, will contain
the blood stream with a uniform distribution of radioactive material. The region
between Ro and 2R0 represents the wall of the blood vessel. Radiations crossing
the boundary at 2R0 were followed because interactions, such as backscatter,
would allow the return of energy to the regions of interest. However, energy
deposited in the region greater than 2R0 was calculated but was not used in these
dose estimates. Absorbed fractions of energy were calculated for selected
monoenergetic photons and electrons generated in the source region (blood stream)
for each subregion of the cylinder as shown in Figure 3. The radii of the
different blood vessels were 0.02, 0.1, 0.5 and 1.0 cm. Calculations for 100,000
histories were made from which the mean absorbed fraction of energy to each
annular region was determined for both electrons and photons. Since the distance
between the large blood vessels is relatively large compared to the range of beta
particles, it is possible to assume that little of the energy lost from these
vessels is absorbed by other vessels.
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2R0

Figure 2. Cross section of a cylinder used to simulate
a blood vessel. The inner cylinder with radius
Ro represents the source region which is the
blood. The cylinder is divided into 100 inner
cylinders to calculate absorbed fraction
profiles throughout the source region and the

Wall

Source Region
Bloodstream

Wall

Figure 3. Model of a blood vessel used to obtain
absorbed fraction profiles. The source
region contains a uniform distribution
of radioactive material.
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The dose delivered to ith region of the cylinder with mass ntj is given by:

£, CD

where c± is the energy deposited in ith shell.

The energy deposited, c±, in the i
th shell can be calculated using the

following equation:

b YF rn ( 2 )

where TTRQ2 is the cross sectional area of the lumen or inner cylinder in which
the blood stream flows, AX is the length of the cylinder in which energy is
deposited, Q is the number of transformations per cm3 in the source region
(blood), 0i,j is the absorbed fraction for type of radiation j and the ith shell
of the cylinder, Yj is the yield per transformation for radiation type j, and Ej

(MeV) is the energy for radiation type j. The mass of region i with length AX
is:

•* i i-i

where p is the density of the material.

The nuclear and atomic radiations associated with the radioactive decay of a
radionuclide were calculated by using the computer code RADLST (6). This code
also gives as an option the &* spectrum of each radionuclide which is broken into
several energy bins. Thus, the beta spectrum for a particular radionuclide was
represented by a histogram rather than as a continuum and was used in equation

(2). The total number of transformations in the inner radius RQ is WRQ2AXQ.

Consequently, the dose DA delivered to the i
th shell of the cylinder is given by:

1.602xJ0"13Jii?2AJf(?T̂  QjjYjEj

Equation (4) consequently can be expressed as:

Dt _
fig sec

Equation (5) gives the dose per unit transformation per cm3 which is
representative of the radionuclide used. Therefore, the dose profile can be
calculated by using equation (5) for every ith shell of the cylinder.

RESULTS

Table 2 gives average absorbed doses to the blood per transformation per cm3

for several radionuclides commonly used in medical imaging and radiation therapy
for different blood vessel radii. As an example, the absorbed dose profiles for
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90Y, 90Sr, n C , and 133Xe are shown in Figure 4 for a blood vessel radius of 0.02
cm. Figure 5 shows a plot of the data given in Table 2 for several radionuclides
on which an interpolation method can be used to assess the average dose (Gy
cm3/Bq sec) to the blood for different blood vessel radii. The absorbed dose to
capillaries was obtained by extrapolation from 0.02 cm radius, using the
assumption that, as the radius of the blood vessel tends to zero the absorbed
dose to the blood will also approach zero.

Table 3 gives the absorbed dose (Gy cm3/Bq sec) to the surface of the blood
vessel wall (i.e., the surface of the inner cylinder with radius R0). Figure 6
shows a plot of the data given in Table 3, and again an interpolation method can
be used to assess the surface dose to the blood vessel wall for other radii. The
surface dose is assumed to be the average of the absorbed doses obtained for the
last region in the source (blood) and the first region in the blood vessel wall.
The usefulness of the data obtained for the different radionuclides varies
according to the application. Individual organ doses can be assessed by defining
their vascular system and the amount of blood in different blood vessel sizes.

As an example, let 3.7xl07 Bq (1.0 mCi) of 90Y be uniformly distributed in
the blood of the circulatory system. Assuming no biological elimination of the
material from the body (non-dynamic problem), the total number of transformations
is 1.23xlO13. The average amount of blood in a Reference Man can be given as
5,200 ml (4); assuming that the number of transformations per unit volume remains
constant throughout the circulatory system, this will give a total number of
transformations per cubic centimeter of 2.37xl09. By using an interpolation
method, it is possible to calculate the dose to the blood and to the surface of
the blood vessel wall for the different blood vessels of the circulatory system
given in Table 1. Table 4 gives the doses to the blood in different regions of
the circulatory system and Table 5 gives the doses delivered to the surface of
the blood vessel walls. As can be seen in Table 4, the blood in the aorta will
receive an average absorbed dose of 0.316 Gy and the wall of the aorta will
receive a maximum absorbed dose of 0.167 Gy. The average absorbed dose to the
blood will be the absorbed doses ir. every vessel weighted by the amount of blood
contained in each. For this specific case, the average absorbed dose to the
blood is 0.272 Gy.

It is important to notice that the total number of transformations which
occurred in the blood is dependent on the half life of the radionuclide and other
physiological and metabolic parameters. So far, it has been assumed that the
total number of transformations per cm3, Q (Bq sec/cm3), is a constant which is
not dependent on the point of intake. The parameter Q in real life is dependent
on time and is analogous to the retention function used in internal dosimetry
calculations. It must be emphasized that a dynamic model of the circulatory
system is necessary for future work in nuclear medicine.
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Table 2. Average Absorbed Dose to Blood for Different Sizes of Blood Vessels

1
Radionuclide

N-13

C-ll

C-14

F-18

0-15

Na-24

P-32

Fe-55

Kr-81m

Sr-90

Y-90

Tc-99m

Mo-99

1-123

1-124

1-125

1-126

1-130

1-131

In-111

In-114

Xe-127

Xe-131

Xe-133

Xe-133m

Tl-200

Tl-201

Tl-202

0.02
1.05E-11

1.36E-11

7.29E-12

1.75E-11

7.84E-12

9.40E-12

8.16E-12

7.49E-13

6.71E-12

1.62E-11

8.45E-12

2.O7E-12

1.21E-11

3.69E-12

2.49E-12

2.67E-12

6.10E-13

1.42E-11

1.61E-11

4.10E-12

8.O7E-12

4.00E-12

1.83E-11

1.77E-11

2.02E-11

2.37E-12

2.12E-12

1.57E-12

Average Absorbed Dose to Blood
(Gy cm3/Bq sec)

Radius of

0.10
4.26E-11

3.98E-11

7.82E-12

3.28E-11

4.41E-11

4.29E-11

4.29E-11

8.56E-13

8.62E-12

2.60E-11

4.22E-11

2.39E-12

3.68E-11

4.29E-12

1.17E-11

2.83E-12

1.2OE-12

3.3OE-11

2.64E-11

5.31E-12

4.18E-11

4.91E-12

2.17E-11

2.08E-11

2.76E-11

4.72E-12

4.80E-12

2.83E-12

Blood Vessel
(cm)

0.50
7.23E-11

5.88E-11

7.94E-12

4.29E-11

9.89E-11

8.70E-11

9.26E-11

8.95E-13

9.64E-12

3.03E-11

1.16E-10

2.74E-12

5.81E-11

5.04E-12

2.96E-11

3.39E-12

2.46E-12

5.07E-11

3.22E-11

6.98E-12

9.88E-11

6.11E-12

2.28E-11

2.19E-11

3.05E-11

9.48E-12

8.44E-12

4.64E-12

1.00
7.82E-11

6.28E-11

7.96E-12

4.73E-11

1.11E-10

1.04E-10

1.02E-10

9.00E-13

1.01E-11

3.O8E-11

1.35E-10

3.08E-12

6.17E-11

5.86E-12

3.69E-11

4.12E-12

3.65E-12

5.96E-11

3.40E-11

8.61E-12

1.11E-10

7.33E-12

2.32E-11

2.22E-11

3.11E-11

1.37E-11

1.14E-11

6.14E-12
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Table 3. Absorbed Dose to the Surface of the Blood Vessel Wall for Different
Sizes of Blood Vessels

1
Radionuclide

N-13

C-11

C-14

F-18

0-15

Na-24

P-32

Fe-55

Kr-81m

Sr-90

Y-90

Tc-99m

Mo-99

1-123

1-124

1-125

1-126

1-130

1-131

In-111

In-114

Xe-127

Xe-131

Xe-133

Xe-133m

Tl-200

Tl-201

Tl-202

Absorbed

0.02

7.19E-12

8.59E-12

3.80E-12

9.95E-12

5.93E-12

6.64E-12

6.O3E-12

3.95E-13

3.64E-12

8.98E-12

6.13E-12

1.10E-12

7.62E-12

1.96E-12

1.75E-12

1.36E-12

3.41E-13

8.43E-12

8.95E-12

2.20E-12

5.91E-12

2.13E-12

9.83E-12

9.38E-12

1.10E-11

1.33E-12

1.27E-12

8.75E-13

Dose to the
(Gy

Surface of the
cm3/Bq sec)

Radius of Blood Vessel

0.10

2.77E-11

2.46E-11

3.93E-12

1.88E-11

3.09E-11

2.87E-11

2.98E-11

4.34E-13

4.52E-12

1.43E-11

2.98E-11

1.23E-12

2.32E-11

2.22E-12

8.O6E-12

1.45E-12

7.30E-13

1.99E-11

1.47E-11

2.84E-12

2.94E-11

2.58E-12

1.11E-11

1.07E-11

1.47E-11

2.85E-12

2.89E-12

1.64E-12

(cm)
0.50

3.79E-11

3.04E-11

4.02E-12

2.23E-11

5.40E-11

4.88E-11

5.01E-11

4.51E-13

4.99E-12

1.52E-11

6.79E-11

1.48E-12

3.02E-11

2.79E-12

1.74E-11

1.94E-12

1.50E-12

2.73E-11

1.65E-11

3.95E-12

5.47E-11

3.39E-12

1.17E-11

1.11E-11

1.54E-11

5.73E-12

4.86E-12

2.65E-12

Blood Vessel

1.00

4.06E-11

3.27E-11

3.96E-12

2.55E-11

5.81E-11

5.88E-11

5.28E-11

4.54E-13

5.30E-12

1.58E-11

7.10E-11

1.73E-12

3.17E-11

3.26E-12

2.06E-11

2.28E-12

2.26E-12

3.32E-11

1.78E-11

4.96E-12

5.77E-11

4.15E-12

1.17E-11

1.12E-11

1.59E-11

8.75E-12

6.76E-12

3.65E-12
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Table 4. Average Absorbed Dose to Blood for Different Blood Vessels in the
Circulatory System

Radionuclide: Y-90

1.23 xlO13 dis.

Arterial System
Aorta
Arteries
Arterioles
Capillaries

Venous System
Venae Cavae
Veins
Venuoles

Pulmonary System
Arteries
Veins
Capillaries

Blood
amount
(ml)

140
420
70

280

300
2600
300

200
230
100

Radius

(cm)

1.0000
0.5000
0.0025
0.0010

1.5000
0.2500
0.0020

1.2000
0.2500
0.0010

Dose

(Gy cm3/Bq sec)

1.34E-10
1.22E-10
1.51E-11
6.1OE-12

1.43E-10
1.17E-10
1.21E-11

1.38E-10
1.17E-10
6.10E-12

Dose

(Gy)

3.17E-01
2.88E-01
3.56E-02
1.44E-02

3.37E-O1
2.77E-O1
2.86E-02

3.26E-01
2.77E-O1
1.44E-02

Table 5. Absorbed Dose to the Surface of the Blood Vessel Wall for Different
Blood Vessels in the Circulatory System

Radionuclide: Y-90

1.23 xl013 dis.

Arterial System
Aorta
Arteries
Arterioles
Capillaries

Venous System
Venae Cavae
Veins
Venuoles

Pulmonary System
Arteries
Veins

Blood
amount
(ml)

140
420
70
280

300
2600
300

200
230

Radius

(cm)

1.0000
0.5000
0.0025
0.0010

1.5000
0.2500
0.0020

1.2000
0.2500

Dose

(Gy cm3/Bq sec)

7.10E-11
6.31E-11
7.68E-12
3.11E-12

7.71E-11
6.01E-11
6.17E-12

7.36E-11
6.01E-11

Dose

(Gy)

1.68E-01
1.49E-01
1.82E-O2
7.36E-O3

1.82E-01
1.42E-01
1.46E-02

1.74E-01
1.42E-01
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CONCLUSIONS

The methodology described above can be applied to any radionucllde of
interest in nuclear medicine and will provide estimates of the absorbed doses to
the blood and blood vessels of the circulatory system for different; medical
procedures such as tumor therapy using radiolabeled antibodies. The results
shown in Figures 4, 5, and 6 can be used in dynamic processes of blood
circulation by determining the total number of transformations per unit volume in
different regions of the circulatory system.
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Figure 4. Absorbed dose profile for 90Y, UC, 90Sr and 133Xe for a
blood vessel of 0.02 cm radius.
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ABSTRACT

We propose a model to generate radiation absorbed dose estimates for
radiolabeled low density lipoprotein (LDL), based upon eight studies of LDL
biodistribution in three adult human subjects. Autologous plasma LDL was labeled
with Tc-99m, 1-123, or In-111 and injected intravenously. Biodistribution of
each LDL derivative was monitored by quantitative analysis of scintigrams and
direct counting of excreta and of serial blood samples. Assuming that
transhepatic flux accounts for the majority of LDL clearance from the
bloodstream, we obtained values of cumulated activity (A) and of mean dose per
unit administered activity (D) for each study. In each case highest D values
were calculated for liver, with mean doses of 5 rads estimated at injected
activities of 27 mCi, 9 mCi, and 0.9 mCi for Tc-99m-LDL, I-123-LDL, and
In-111-LDL, respectively.

INTRODUCTION

The evolution of methods for labeling plasma lipoprotein particles with
externally imageable radionuclides has opened exciting new avenues for studies in
nuclear medicine. Low density lipoproteinc (LDT )̂ and very low density
lipoproteins (VLDL) radiolabeled with Tc-99m, 1-123, In-Ill, or Ga-68 have been
used to examine various aspects of lipoprotein metabolism in animals and humans
including plasma retention (1,2); multiorgan biodistribution (3-9); and particle
uptake by liver (10-12), adrenals (13), spleen and bone marrow (14), xanthomata
(15), and by atherosclerotic or otherwise wounded vessels (16-22).

We have previously evaluated the biodistribution of human low density
lipoprotein radiolabeled with Tc-99m or with I-123-tyramine cellobiose (TyC) in
rabbits and in rhesus monkeys (6). In this report we compare the in vivo
metabolism of In-Ill-[SCN-Bz-DTPA]-LDL, prepared using the octadentate
bifunctional chelate 1-(j>-isothiocyanatobenzyl)-diethylenetriaminepentaacetic
acid (SCN-Bz-DTPA), with that of I-123-TyC-LDL and of Tc-99m-LDL in human
subjects. Based on a general model proposed for the biodistribution of LDL,
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radiation absorbed dose estimates and allowable levels of injected activity have
been calculated for each LDL derivative.

MATERIALS AND METHODS

ISOLATION AND DERIVATIZATION OF LDL

Autologous human LDL was isolated from fasting plasma and characterized as
previously described (6). Tc-99m-LDL was prepared by dithionite reduction as
detailed elsewhere (3,6), except that we reacted up to 10 mg of LDL by protein
with up to 50 mCi of Tc-99m initial activity. We prepared I-131-TyC-LDL and
I-123-TyC-LDL as described earlier (6,23), except for scaling reaction conditions
to accommodate up to 10 mg of LDL by protein and up to 25 mCi of 1-123 initial
activity.

To prepare In-111-[SCN-Bz-DTPA]-LDL an aliquot of freshly isolated,
nondialyzed LDL (1-2 ml; -10 mg by protein) was first subjected to gel filtration
on a 1.0 x 50 cm column of Sephadex G-50 equilibrated in 1 M sodium carbonate, pH
9.0. LDL eluting in the void volume was collected and then reacted in a final
volume of 1-2 ml for 18-24 hours at room temperature with the bifunctional
chelate SCN-Bz-DTPA (24), at a chelate:apoLDL molar ratio of 3:1. The resultant
[SCN-Bz-DTPA]-LDL was recovered in the void volume following gel filtration on a
second column of Sephadex G-50 equilibrated in 0.1 M sodium acetate, pH 5.0. An
aliquot of In-111 (2-9 mCi in 20-120 /*1; supplied as indium chloride in 0.1 N HC1
[Nordion]) was transferred to a separate 15 ml plastic tube. To this tube was
first added a neutralizing molar equivalence of sodium acetate, and immediately
thereafter the desired amount of [SCN-Bz-DTPA]-LDL. The mixture was gently
vortexed and incubated at room temperature for one to two hours.
In-111-[SCN-Bz-DTPA]-LDL was recovered in the void volume following gel
filtration on a third column of Sephadex G-50 equilibrated in phosphate-buffered
saline containing 0.1 mM disodium EDTA. LDL was reconcentrated if necessary
between steps by ultrafiltration in Centricon-30 microconcentrators (Amicon). In
four typical labelings [14C]SCN-Bz-DTPA (1.4 x 106 dpm//i mole) bound to LDL at a
mean efficiency and standard deviation of 24 + 12%, resulting in a mean bound
chelate:LDL molar ratio of 0.7. We obtained radiochemical yields for In-111
bound to [SCN-Bz-DTPA]-LDL of 85 + 8% with resultant estimated specific
activities of 0.6 + 0.2 mCi In-111 per mg LDL protein following the final gel
filtration step.

HUMAN SUBJECTS

Three University of Chicago faculty members, all in good health, served as
subjects for a total of eight radiolabeled LDL biodistribution studies over the
course of 40 months. Subject A, a male 72 years old at entry, and Subject B, a
72 year-old female, were injected on separate occasions with freshly prepared
autologous Tc-99m-LDL, I-123-TyC-LDL, and In-111-[SCN-Bz-DTPA]-LDL. Subject C, a
male 38 years old at entry, received autologous Tc-99m-LDL and I-123-TyC-LDL.
After intravenous injection of 2 to 10 mg by protein of LDL carrying 9-12 mCi of
Tc-99m, 4-7 mCi of 1-123, or -1 mCi of In-111, we monitored biodistribution by
serial planar imaging, quantitative imaging (conjugate imaging) of selected
organs, serial blood sampling, and analysis of quantitatively collected urine and
feces. Protocols for the use of radiolabeled LDL in human subjects were approved
beforehand by the responsible institutional committees.
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IMAGING PROCEDURE

Imaging of human subjects was performed with large field-of-view gamma
cameras using appropriate collimation and on-line computer acquisition.
Cobalt-57 point sources were used as fiducial markers at anatomic landmarks.
Established conjugate counting and data reduction techniques (25-27) were used to
estimate the percent of injected activity localized in regions of interest.

DATA ANALYSIS

Statistical calculations were performed with the program Minitab (Minitab,
Inc.). Graphs were drawn with the program Sigmaplot (Jandel Scientific). Blood
retention data for LDL were fitted to the sum of two exponential terms, and
values for fractional catabolic rate (FCR), defined as the fraction of the
intravascular pool of LDL catabolized per hour, were calculated therefrom as
described by Matthews (28). Values for other human biological constants and
radiation absorbed dose estimates were derived from cumulative urinary and fecal
excretion curves and from conjugate images of kidney and liver, applying standard
conventions and formulae (29) to the biodistribution model proposed below.

RESULTS

PRELIMINARY STUDIES IN ANIMALS

In previous imaging and necropsy studies we documented substantial
differences between Tc-99m-LDL and I-123-TyC-LDL with respect to renal, hepatic,
and excreted activity, and we concluded that I-123-TyC-LDL is generally more
suitable for evaluating LDL metabolism (6). Subsequent regression analysis
revealed that the distribution of In-Ill-[SCN-Bz-DTPA]-LDL and its catabolites
among organs of normal rabbits at necropsy one day postinjection was strongly
correlated with that of I-123-TyC-LDL (r2 - 0.95), but only weakly correlated
with that of Tc-99m-LDL (r - 0.47; data not shown). The apparent metabolic
similarity between In-111-[SCN-Bz-DTPA]-LDL and radioiodine-TyC-LDL was confirmed
by the double-label experiment depicted in Figure 1.

The blood retention curves for 1-131 and In-111 activity (panel A) were
virtually identical for two days postinjection with an estimated fractional
catabolic rate (FCR) of 0.041 h . Panel B shows a linear regression of In-111
%IA vs. 1-131 %IA at necropsy for several organs and excreta. For organs having
less than 3 %IA (inset to panel B) the radionuclide distributions were
indistinguishable, with a regression slope of 1.07 and r > 0.99. For the entire
plot the slope was 0.89 and r — 0.83, reflecting discrepant but complementary
values for upper large intestine (ULI) and liver. Since the sum [(ULI %IA) +
(Liver %IA)] is similar (29 %IA for 1-131 vs. 32 %IA for In-111) for both
radionuclides, we infer that biliary excretion of catabolites generated within
hepatocytes in this animal was more rapid for In-111-[SCN-Bz-DTPA]-LDL than for
I-131-TyC-LDL.
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Figure 1. Biodistribution of In-111 and 1-131 in a double-labeled rabbit.
A normal rabbit (3.6 kg) was injected intravenously with a mixture of
In-Ill-[SCN-Bz-DTPA]-LDL (-7 mg by protein; 4 mCi) and I-131-TyC-LDL
(-4 mg by protein; 50 /uCi) and monitored for two days thereafter. The two
derivatives were separately prepared from a single batch of human LDL and
mixed just prior to injection. Serial blood samples were drawn from a
peripheral ear vein and combined excreta were collected daily. Panel A:
Retention of radioactivity in the bloodstream, expressed as percent activity
corrected for physical decay (%IA) per gram blood. Panel B: Linear regression
between 1-131 %IA and In-111 SIA at necropsy 48 hours postinjection for 16
organs, blood, carcass, and daily mixed excreta. The inset shows a detail for
organs having less than 3 %IA. ULI - upper large intestine.

BIODISTRIBUTION OF RADIOLABELED LDL IN HUMANS

In Figure 2 are displayed blood retention curves and excretion curves from
eight studies in three human subjects. The parameters derived from these curves
and from conjugate counting of liver and kidney are given in Table 1. Just as we
observed earlier in rabbits and monkeys (6), there were significant
biodistribution differences between Tc-99m-LDL and I-123-TyC-LDL in humans. For
example, Tc-99m activity in blood (panel A) declined at nearly three times the
mean rate of 1-123 (mean FCR of 0.044 vs. 0.015 h"1; p - 0.045). Urinary
excretion of Tc-99m injected as LDL was significantly higher and considerably
more rapid than excretion of 1-123 (panel B). More than twice as much cumulative
Tc-99m activity was detected in urine during the collecting period (34 %IA vs. 15
%IA; p - 0.0009). Fecal excretion of Tc-99m was lower than that of 1-123 (panel
C), but this difference might simply reflect the shorter practical stool
monitoring period following Tc-99m-LDL injection.

We were able to observe blood and excreted activity for an extended period
following injection of autologous In-Ill-[SCN-Bz-DTPA]-LDL (panels D-F), with
sampling times exceeding 500 hours (compared to a practical limit of about 100
hours for Tc-99m and -150 hours postinjection for 1-123). FCR values for In-111
activity in blood were comparable to those for 1-123 (panel D: 0.013 and 0.014
h for subjects A and B, respectively). Combined excretion of In-111 activity
was similar for both subjects (89 %IA and 92% IA), yet they differed with regard
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Figure 2. Metabolism of autologous radiolabeled LDL in human subjects.
Panels A. B. and C illustrate for three human subjects blood retention,
cumulative urinary excretion, and cumulative fecal excretion, respectively,
of radioactivity injected on separate occasions as I-123-TyC-LDL and
Tc-99m-LDL. Each symbol type represents one subject (Subject A, triangles;
Subject B, circles; Subject C, squares); open symbols represent Tc-99m
activity, and filled symbols represent 1-123 activity. Panels D. E. and F
illustrate analogous data for the two subjects injected with
In-Ill-[SCN-Bz-DTPA]-LDL. Data for Subject A are shown as filled triangles,
and data for Subject B are shown as filled circles. Open circles, taken
from panels A-C as points of reference, indicate 1-123 activity for
Subject B. All activity curves have been corrected for physical decay.

to partitioning of excreted activity. Urinary excretion (panel E) exceeded fecal
excretion (panel F) of In-111 activity by Subject A (59 vs. 30 %IA), but the
inverse pattern was observed for Subject B (40 vs. 52 %IA). Early portions of
the blood retention, urinary excretion, and fecal excretion curves for In-Ill
overlapped the corresponding curves for 1-123. However, individual differences
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in excretion of radiolabeled LDL catabolites did not become apparent until after
the practical limit for monitoring 1-123.

Both I-123-TyC-LDL and In-Ill-[SCN-Bz-DTPA]-LDL were radiochemically stable
within the circulation. In one study LDL was reisolated by ultracentrifugal
flotation from human plasma taken one and two days following injection of
autologous I-123-TyC-LDL. In each sample more than 95% of the total plasma 1-123
activity was recovered in the LDL density range (1.006 < d < 1.063 g/ml). When
LDL recovered from plasma one day postinjection and a preinjection sample of
I-123-TyC-LDL were analyzed by SDS-polyacrylamide gel electrophoresis, 1-123
comigrating with stainable apolipoprotein B accounted for 68-75% of the total
LDL-associated radioactivity in each sample. During another study >85% of human
plasma In-111 activity remained in the LDL density range in samples drawn at
three and seventeen days following injection of In-Ill-[SCN-Bz-DTPAJ-LDL, and
autoradiography of an electropherogram of the three day sample showed virtually
all of this activity comigrating with apolipoprotein B. In contrast, about half
the Tc-99m remaining in human plasma was found in the d > 1.063 g/ml fraction one
day following injection of autologous Tc-99m-LDL.

Finally, consistent with earlier findings in rabbit and monkeys (6-8), we
detected substantial renal accumulation of Tc-99m activity in human subjects.
Kidney activity accounted for a net mean above the blood pool of 9.4 %IA by 24
hours postinjection for Tc-99m, while net renal uptake was negligible for either
1-123 or In-111 throughout the imaging period.

I'EPATIC METABOLISM OF RADIOLABELED LDL IN HUMANS

Each panel of Figure 3 displays time-activity curves for the liver of one
subject after each injection of radiolabeled LDL. In each study peak hepatic
activity occurred between 25 and 75 hours postinjection, and similar mean peak
activities were observed for all radionuclides (7.2, 7.7, and 7.7 %IA for Tc-99m,
1-123, and In-Ill, respectively). However, only with In-111-labeled LDL could we
appreciate individual differences in the dynamic pattern of hepatic activity. In
Subject A we observed a broad In-111 activity peak around 50 hours postinjection,
followed by a slight decline and then a plateau for the remainder of the
practical imaging period. Subject B showed rapid initial accumulation of In-111
with a peak near 25 hours, followed by a monotonic decrease in hepatic activity
to about half the peak level by 175 hours postinjection.

BIODISTRIBUTION MODELLING, ASSUMPTIONS, AND OUTLINE OF CALCULATIONS

Biological decay constants for radiolabeled LDL were estimated for each
study represented in Figures 2 and 3, and their mean respective values are
presented in Table 1.

The biodistribution model to which we have applied these constants is
diagrammed in Figure 4. This model assumes that the rates of LDL uptake by liver
and by kidney are related to the effective biological disappearance constant (A™,
or FCR) for the particular LDL derivative in the circulation. For the ensuing
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Figure 3. Hepatic metabolism of radiolabeled LDL in humans.
Each panel displays hepatic activity curves, determined by
conjugate counting, for one human subject as a function of
time following intravenous infusions of autologous LDL
labeled with a different radionuclide on each occasion. Open
triangles, circles, and squares represent 1-123 activity (%IA)
for subjects A, B, and C, respectively. Filled symbols
represent the corresponding In-111 activity for subjects A
and B. Open diamonds indicate hepatic Tc-99m activity for the
subject of that panel.

calculations, we have assumed that liver and kidneys account for the majority of
radiolabeled LDL clearance attributable to defined organs, and that all other
tissue-associated activity can be considered to be uniformly distributed
throughout the body. For all organs other than the liver we assume that tissue-
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associated activity is subject only to physical decay, and not to biological
elimination.

Since liver accounts for the majority of LDL clearance from the bloodstream
(30), we have further postulated that all activity associated with luminal
contents of the gut and the urinary tract is derived from the liver. Activity
appears in the stool via hepatic excretion of radiolabeled apoB degradation
products into the bile, and presumably in the urine by renal filtration following
intrahepatic conversion (by conjugation or a similar process) of some apoB
degradation products to water-soluble form. While we have not rigorously proven
that a]1 urinary activity comes from the liver, it should be noted that the
proposed model is conservative for the purpose of estimating safe limits for
injected activity. Specifically, our postulate results in a higher estimate of
radiation absorbed dose to the liver than if we assume the contrary, i.e., that
no urinary activity arises in this fashion (Table 2: cf. D values given in left
and right columns for «iach radionuclide). For Tc-99m-LDL, the choice of
assumption makes a three-fold difference in the estimate of allowable injected
activity. However, because of limiting D values in the large intestine for 1-123
and In-111, accepting the contrary assumption only increases the estimated
allowable injected activity by about one-third.

All the calculations leading to the radiation absorbed dose estimates given
in Table 2 for Tc-99m-LDL, I-123-TyC-LDL, and In-Ill-fSCN-Bz-DTPA]-LDL are based
on conventions and formulae as presented by Matthews (28) and by Loevinger et al.
(29). A summary of the steps taken for these calculations is as follows:

1. From each blood activity retention curve in Figure 2 were estimated
values for C^, C2, b-̂ , b2 (28) and thence for Ag (identical to FCR).

2. The biological constant for disappearance of activity from the liver,
denoted Au, was estimated from the peak hepatic activity (L), from the FCR, and
from the blood activity (B) at the time of apparent peak hepatic activity by the
equilibrium relationship

(B x Afi) - (L x AR) - 0

3. Each cumulative urinary activity curve and each cumulative stool
activity curve in Figure 2, after correction for physical decay, was fitted to an
inverse exponential expression of the form

cum At - (ah)AQ(l -

where cum At — cumulative activity at time t, AQ — injected activity, a^ -
fractional distribution function for urine (au) or for stool (t*g), and A^
biological constant for appearance of activity in urine (Au) or in stool (Ag)

4. AL was estimated assuming that AH - AL + Au.

5. From Ag values calculated for I-123-TyC-LDL and In-111-[SCN-Bz-DTPA]
LDL were estimated values for Ag^, Au^£, and ^n^, assuming that the
corresponding biological mean lifetimes of 1-123 and In-111 in the respective
intestinal compartments are proportional to those listed in MIRD Absorbed Dose
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Figure 4. Proposed model for biodistribution of LDL in humans. Subscripts
denote metabolic constants (A) corresponding to movement of radioactive
species from blood to major organs (B: Ag — fractional catabolic rate of LDL
in blood) , from liver to intestine (L) , from liver to urine (u) , from S.I to
ULI (si), from ULI to LLI (uli), and from LLI to excreted stool (Hi). Tv

represents the mean voiding interval for urinary bladder, assumed to be four
hours. The physical decay constant is shown as A . Direct excretion of
radiolabeled apoB degradation products into bile, and excretion into the urine
following hepatic conjugation or a similar process, are assumed. Estimated
values for the metabolic constants are listed in Table 1. SI — small intestine;
ULI = upper large intestine; LLI — lower large intestine.

Estimate Report No. 7 (p. 63, ref. (29)). For the three human subjects of this
study, these estimates give an average for the biological mean lifetime of
intestinal 1-123 (i.e., from entry into the small intestine to excretion in
stool) of 49 hours, compared to 41 hours as given in Report No. 7. Because only
a few stool samples could be analyzed for the Tc-99m-LDL studies, we have assumed
that the values of Asi,
corresponding values for

, and A j ^ for Tc-99m are identical to the
•3 in the same subject.
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6. Values for cumulated activity (A) were obtained as the time integrals
of activity [/A(t)dt], using equations for A(t) that account for both biological
elimination and radioactive decay for kidneys, liver, and for intestinal contents
by compartment. To accommodate the effects of cyclic activity in the urinary
bladder, A for bladder contents was calculated by the equation of Cloutier et al.
(p. 31, ref (29)), assuming that A.= - Au and that Tv - 4 hours. A for total
body was cal.. ilated from the time integral of the combined excretion curve for
each study. These values, representing source organs, and published tables of
mean dose per unit cumulated activity (S) for Tc-99m, 1-123, and In-111 (31) were
used to generate Table 2, which lists the mean dose per unit administered
activity (D) by target organ.

Table 1

Radiolabeled LDL biodistribution parameters in humans

For each LDL dtrivative mean values (+ 1 s.d. where appropriate) are give
for parameters as defined in the text and in Figure 4. FCR = fractional
catabolic rate for LDL in blood; FExR » fractional excretory rate for
urine and stool combined; %IA = percent of injected activity corrected
for physical decay; cum — cumulative; max = maximal.

Parameter

FCR, h"1 (=AB)

FExR, h"1

Urine, cum %IA
Stool, cum %IA
Combined:

Liver, max %IA

Kidneys, max %IA

Au

AL

Asi

Auli

Alii

<v

Tc-99m-LDL

0.044 + 0.012

0.0048 + 0.0011
34.0 + 3.6
3.4 + 0.3
37.4 + 3.6

7.2 ± 1.4

9.4 + 4.3

0.049

0.047

0.21

0.064

0.035

(0.116)

I-123-TyC-LDL

0.015 ± 0.003

0.0031 + 0.0004
14.5 + 4.4
16.5 + 5.6
31.0 + 9.7

7.7 + 2.2

< 2

0.017

0.066

0.21

0.064

0.035

(0.0533)

In-111-LDL

0.014

0.0047
49.5
40.8
90.3

7.7

< 2

0.0055

0.097

0.11

0.034

0.019

(0.0103)

DISCUSSION

In this study we have investigated the in vivo metabolism of autologous LDL
labeled with Tc-99m, 1-123, or In-111 in three human subjects. We have
demonstrated that the metabolism of In-Ill-[SCN-Bz-DTPA]-LDL closely mimics that
of radioiodine-TyC-LDL, but, consistent with our previous findings (6), that both
differ significantly from that of Tc-99m-LDL. We have further demonstrated that
the physical half-life of In-Ill affords extended monitoring of radiolabeled LDL
and its ce.tabolites in blood, liver, and excreta. From the accumulated data we
have calculated radiation absorbed dose estimates for each LDL-associated
radionuclide, and we have proposed allowable injected activities of 27, 9, and
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0.9 mCi, respectively, for Tc-99m-LDL, I-123-TyC-LDL, and In-111-[SCN-Bz-DTPA]-
LDL. To the best of our knowledge this report constitutes, the first evaluation
of I-123-TyC-LDL or of any form of In-111-labeled LDL in human subjects, and the
only formal presentation of radiation absorbed dose estimates for any
radiolabeled derivative of LDL.

Table 2

Dose estimates for listed organs in humans
injected with radiolabeled LDL

Values are given for mean dose per unit administered activity
(D, mrad/mCi injected activity) and for estimated allowable
injected activity (IA), assuming either (a) that all urinary
activity or (b) that no urinary activity is derived from the
liver. Asterisks indicate D values that limit the value for
IA. ULI - upper large intestine; LLI - lower large intestine.

RADIONUCLIDE

ORGAN

Liver
Kidneys
Spleen
Small intestine
ULI wall
LLI wall
Bladder wall
Red marrow
Ovaries
Testes
Total body

IA, mCi:

Tc
(n
(a)

183*
72
24
41
44
25
50
32
26
15
26

27

.-99m
- 3)
(b)

62*
62*
21
34
38
25
50
28
24
15
20

80

I-
(n

(a)

532*
124
73
207
377
264
92
104
116
49
85

9.4

123
- 3)

(b)

324
111
71
202
369*
263
91
98
114
49
75

13

In-111
(n

(a)

5590*
1528
1640
1723
3038
4051
841
865
1301
394
769

0.9

= 2)
(b)

1492
1150
1552
1565
2801
4028*
824
736
1257
386
560

1.2

The blood FCR values of 0.041 h'1 for human In-Ill-[SCN-Bz-DTPA]-LDL and
I-131-TyC-LDL we observed in a double-labeled rabbit compare favorably with
estimated mean values of 0.036 h for human I-125-LDL in nine rabbits (32),
0.042 h"1 for rabbit I-131-TyC-LDL in four rabbits (7), and 0.032 h'1 for rabbit
I-131-TyC-LDL in an undisclosed number of normal rabbits (11). All of these
values are lower than mean FCR values reported for human or rabbit In-111-LDL
prepared via the cyclic anhydride of DTPA (0.063 h'1, ref. (9); 0.120 h"1, ref.
(4)).

In humans the biological behavior of In-111-[SCN-Bz-DTPA]-LDL was
essentially indistinguishable from that of I-123-TyC-LDL over the period we were
able to compare them directly, and the FCR values for each agree with the mean
value of 0.013 h for I-125-LDL measured in 16 human subjects by Kesaniemi and
Grundy (33). In contrast, both the blood retention and the urinary excretion
pattern of Tc-99m activity in our subjects differed significantly from those of
In-Ill or 1-123. The FCR values we observed for Tc-99m-LDL did overlap the high
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end of the range reported by Lees et al. for eight human subjects (1), but our
mean FCR is nearly twice theirs. The basis for this discrepancy is not clear.
These metabolic comparisons notwithstanding, all three LDL derivatives did have
adequate clinical imaging properties.

There are many established ways to prepare radiolabeled lipoproteins, and
promising new approaches have recently been developed (2,34-36). For dynamic
studies the appropriate choice of both radionuclide and a method for binding it
to a lipoprotein particle obviously depends upon one's aims. For example,
lipoproteins labeled with 1-123 or with Ga-68 are adequate for viewing the rapid
hepatic uptake of LDL or VLDL in rabbits (4,10,11), and Anisomova et al. (12)
have effectively used Tc-99m to demonstrate how plasmapheresis affects hepatic
uptake of VLDL in humanr. However, as hinted by other investigators (1,12) and
demonstrated by our data in Figure 3, the peak accumulation of LDL by human liver
occurs near the practical time limits for imaging with either Tc-99m or 1-123,
regardless of the metabolic fidelity of the lipoprotein particles ferrying these
radionuclides. By using In-Ill-[SCN-Bz-DTPA]-LDL in human subjects we have
discovered important aspects of biodistribution that were not evident with either
Tc-99m-LDL or I-123-TyC-LDL. First, catabolites of radiolabeled apolipoprotein B
may be excreted in either urine or stool, in proportions that differ between
individuals. While the stool activity most likely represents biliary excretion
of hepatic catabolites, it is not yet established whether the urinary activity
comes from extrahepatic degradation or from hepatic conjugation of apoB
catabolites to water-soluble form. Second, the activity introduced into the
circulation as radiolabeled LDL is almost quantitatively excreted from the body
within one month postinjection, confirming that the concept of "trapped label" is
useful only in relative terms when applied to in vivo studies (4,6-9,23). And
third, by monitoring hepatic In-Ill activity past three days postinjection, we
were able to detect and analyze individual differences with respect to the timing
and level of peak activity as well as the distal shape of the activity curve.
This feature provides a most attractive alternative to either biopsies (37) or
employing a radionuclide with less satisfactory nuclear imaging properties (38)
as methods for determining dietary and pharmacologic effects upon LDL metabolism
in human tissues.

Although some investigators may wish to use Tc-99m-LDL for short-term
studies, we conclude that both I-123-TyC-LDL and In-Ill-[SCN-Bz-DTPA]-LDL are
more reliable for dynamic studies of human lipoprotein metabolism, and that both
provide useful information within the limits of injected activity recommended
here. However, because In-Ill-[SCN-Bz-DTPA]-LDL stably combines the in vivo
metabolic properties of radioiodine-TyC-LDL with the convenient radiochemistry
and longer half-life of In-111, we believe it will prove the more valuable agent
for future clinical applications.
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DISCUSSION OF M. CRISTY, G. AKABANI, J. STUBBS, AND R. HAY

WATSON: I have a question for Dr. Akabani. I used your values for the indium
radioisotopes in calculating doses from labeled platelets, and I wonder if I used
the values for the capillaries correctly. I used your values as average values
and converted them to values for total capillary mass. Was this correct?

AKABANI: You did it correctly. The values for capillaries are for single blood
vessels. These values should be used with the assumption that there is no
cross-irradiation between capillaries. The correct values will be approximated
by the ratio mass of blood to mass of blood plus mass of tissue. For large blood
vessels the values calculated are good estimates.

HARPER: I have a question for Dr. Stubbs. In your many parameters that you have
considered in the improved model there was one that I wondered about because you
didn't mention it. When you are dealing with particle radiation what you need to
know is the concentration of the nuclide in the gut content so that you need to
know the volume of gut content all the way down the line. I assume that you are
using the ICRP numbers that you showed in an early slide. Is that correct?

STUBBS: That is correct. We decided that we didn't want to address at this time
any of the other dosimetric parameters such as the mass of the contents in each
of the GI segments, the mass of the walls of the GI or any of those parameters.
We merely wanted to model the transit rates and mathematically describe how
quickly substances move through the GI tract and also allow flexibility for
absorption in different areas of the GI tract since the small intestine is not
the only site of absorption.

KWOK: Dr. Akabani, did you consider the effect of the tortuous nature of small
blood vessels, especially in tumors, on the accuracy of your calculations?

AKABANI: When we consider the tortuous path of blood vessels we found very small
changes in doses because CPE is almost obtained near the center. However,
because no cross-fire was considered, the use of these values for small vessels
(capillaries) should be as follow: Mass blood + Mass tissue times Energy
released - Dose blood.

JABIR: This is a question to the same speaker, Dr. Akabani. As you know the
blood flow in the vessel is not uniform. The innermost blood has higher velocity
than the outermost blood in the vessel and there is continuance of the blood
flow. I haven't seen any of these things considered in your analysis.
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AKABANI: No, as I said before, the example I gave is a known dynamic problem.
It is up to you to develop a biokinetic problem and then get the solutions from
it and calculate the total number of transformations per cubic centimeter that
will occur in the different blood vessels. Then you calculate the net dose to
the blood vessels.

HANNAN: Dr. Hay, I have t;ome questions in regard to your work with LDL. First,
tha goals of the LDL imaging would be for atherosclerosis imaging plaque in
vessels. Did I understand that correctly?

HAY: That is probably the most ambitious goal that we have and the one we are
working toward but there are a lot of spin offs. For instance, if you really
wanted to look at LDL receptor numbers this is a nice way to do it noninvasively.
If you really want to see that taking somebody off a particular diet or putting
them on a particular hypolipodemic drug was increasing the liver's ability to
clear LDL, this would be a nice way to do it noninvasively. I don't intend to
get into that but it is something that could be done.

HANNAN: I agree, it sounds like an excellent idea. Related to that, the nature
of the LDL that is in plaque is not always in the native form, as I understand.
The oxidized form is an important component at least. Related also to that, are
you sure that the LDL after your derivatization wasn't oxidized and would it not
be even better if it were?

HAY: We are probably 99.9% sure that it is not oxidized. There is EDTA in the
labeling mixture for 1-123 all the way through and this is an extremely potent
antioxidant, when included in the LDL. So throughout the labeling, we found no
evidence of oxidation. We have looked for it. The answer to the second question
is that while it is true that, modified LDL and oxidized LDL are found in plaque
the collective wisdom is that it isn't that way when the LDL gets to the plaque.
The LDL that enters the plaque is needed LDL and it gets oxidized or modified
after it sits there for awhile. Even if this weren't the case, if you infuse
oxidized LDL's into animals the plasma clearance is so rapid you probably
wouldn't get any plaque uptake.

JOHANNSSON: I have a question for Dr. Stubbs. Will your model also allow for
absorption from different sites within the same intestine compartment, e.g. at
the beginning or at the end of the small intestine? For the future do you plan
to include also the intestinal wall as a compartment during the absorption
process?

STUBBS: With slight modifications the RIDIC GI model could allow for different
absorption characteristics within a given GI tract segment. As to the second
question, that is an intriguing idea and it would actually be relatively easy to
mathematically incorporate the GI wall as a compartment. Obtaining the data
needed to establish the uptake/washout kinetic parameters would be somewhat more
difficult.

EMRAN: I have a question for Dr. Akabani. Correlations have been illustrated
between the dose and energy of the emitted radiation from the applied
radionuclide in the order 150 > 13N > 18F > "C. The half-life of each radioisotope
may contribute significantly to the absorbed dose, have you taken that In
consideration and if not what is your explanation for that?

AKABANI: The computer code that I used takes into consideration all the
processes like positron annihilation and three more important processes in photon
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interaction so for that case I take into consideration all the processes. The
half-life is not of consideration in thic model. The values and results are
given in units of Gy cm3/Bq sec which are very similar to those given in the
currently used S-values (rad//jCi-hr) . The total number of transformation per
unit volume should be calculated according to the biokinetic problem; then, the
net dose will be the product of [Gy cm3/Bq sec] x [Bq-sec/cm3] - Gy, which is not
dependent on the half-life.

LATHROF: My remarks are directed to Dr. Cristy. At the present time we have two
so-called adult models. The 70 kg model has been designated as a male and the 58
kg model has been designated as either a female or a 15-year-old male. In my
thinking I have eliminated gender. These models are hermaphrodites anyway and
obviously we have a good many females that would fit the 70 kg model and males
that would fit the 58 kg models. You mentioned that there was a possibility of
constructing a model that would represent Asiatics. Here again I am thinking we
could just eliminate these. I think it would be advantageous to have a series of
models of different body builds and weights that we can apply whatever conditions
seem necessary, I mean to some extent we have this but these are the ones that
are called the pediatric models. Do you have any remarks to make abnut what you
might be doing along these lines?

CRISTY: I agree with what you said, if you look at our adult male and adult
female models you can get an idea of how much importance that difference in body
size has on dosimetry and the answer is not a lot. For most things maybe 10 to
15 percent. With the pediatric series you can also look at differences in body
size and so we already have that kind of information available for different body
sizes, male or female. I think your comment is well taken.
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ABSTRACT

Electron-specific absorbed fractions were calculated for selected organs
and regions of the mathematical reference man. The organs or regions considered
were those with high surface-to-volume ratio, organs with walls, and organs that
have subdivisions. The calculated specific absorbed fractions for electrons are
a complement to be used with the Medical Internal Radiation Dose (MIRD)
methodology. New estimates of S-values for 80 radionuclides were calculated
using the new electron-specific absorbed fractions for 21 combinations of
source-target regions and were compared with those already published in MIRD
Pamphlet No. 11. Small differences in S-values were found by using electron
specific absorbed fractions when the source organ is the target organ. However,
large differences in S-values were found for those organs with walls.

INTRODUCTION

In 1964 the Society of Nuclear Medicine formed the Medical Internal
Radiation Dose (MIRD) Committee to fulfill the needs of the nuclear medicine
community to determine the radiation absorbed dose to patients who are
administered radiopharmaceuticals. The MIRD objectives were to provide the best
possible estimates of the absorbed dose to patients resulting from the diagnostic
or therapeutic use of internally administered radiopharmaceuticals. Data
required to achieve those objectives were:

1) radiological parameters;

2) anatomical and physiological data for patients of various ages; and

3) metabolic distribution data for radiopharmaceuticals.

Uncertainties associated with these data will be propagated in absorbed
dose calculations. Although relevant radiological transformation characteristics
of radionuclides are well known, uncertainties in physiological aspects, such as
variance in organ morphology and metabolic aspects, contribute the greatest
sources of errors.

In 1978 a reference heterogeneous phantom was described by MIRD in Pamphlet
No. 5, Revised (1). This mathematical phantom is used as a basis for internal
absorbed dose calculations. The phantom provides an approximately correct
anatomical representation of the human body based on ICRP Publication 23 which
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describes a reference man (2). The organs in the phantom are described
geometrically by mathematical equations.

Specific absorbed fraction (SAF) of energy is defined as the ratio between
the radiant energy deposited per unit mass in a target organ and the total energy
released by a source organ. The MIRD phantom was used to calculate SAF for
monoenergetic photon sources distributed in the organs. Monte Carlo techniques
were used to transport only photons throughout the different regions of the
phantom. Transport of electrons produced by either photon interactions or
radioactive emissions was not considered; thus, the energy of an electron
particle was deposited at the point of creation. However, under the methodology
used in MIRD Pamphlet No. 11 (3), several assumptions were used to evaluate the
contribution of electron energy deposition. It was assumed that the electron
ranges were small compared with the mean radius of most organs; therefore, the
absorbed dose will not change drastically. The SAF for electrons produced by
radioactive transformations is assumed to be the inverse of the mass of the
source organ if the source equals the target organ, and zero otherwise as shown
in equation 1; where $e± is the specific absorbed fraction of energy for
electrons, rk is the target region, rh is the source region and m,, is the mass of
the source organ. For those organs with walls, the SAF for electrons is assumed
to be one-half the specific absorbed fraction for the contents (see equation 2).

(1)

I
contentsl

The MIRD Pamphlet No. 11 (3) presents absorbed doses to different organs and
regions per unit cumulated activity for various source organs and for specific
radionuclides used in nuclear medicine. These values are referred to as
S-values. The assumptions used in this pamphlet may overestimate the dose to
source organs and underestimate the dose to adjacent organs. Furthermore, these
assumptions are not valid at the boundary of the source organs where composition
and density changes occur, nor are they valid for small organs with high
surface-to-volume ratios, such as the thyroid.

With the advent of electron transport Monte Carlo codes, such as the
Electron Gamma Shower (EGS4) (4), it is possible to evaluate the contribution of
electrons to the total energy deposition patterns within any region. The code
EGS4 was chosen for use in this work because of its versatility and easy
manipulation of three dimensional geometries. This transport code allows the
calculation of electron absorbed fractions for any region or organ. Furthermore,
the EGS4 code can be used to evaluate to the fullest extent the net contribution
of energy deposition due to electrons in complex arrangements or geometries. The
EGS4 code was merged with the mathematical phantom, and absorbed fractions for
monoenergetic electrons were calculated for selected source regions. Moreover,
specific absorbed fractions for monoenergetic photons presented by MIRD Pamphlet
No. 5, Revised were compared with those obtained using the EGS4 system code to
assess the differences between transport and non-transport of electrons.

Absorbed fractions for monoenergetic electrons are used in the same manner
in which photon absorbed fractions are used for calculating internal doses.
Together, these absorbed fractions provide a complete data base on which absorbed

275



doses can be calculated. As a result, a new set of revised S-values were
calculated for several source-target combinations for a variety of radionuclides
commonly used in nuclear medicine.

Using the EGS4 code, electron absorbed fractions were calculated for organs
and regions in which S-values were considered, in the past, to be either
overestimated or underestimated. Regions to which this applies are those which
have walls such as the stomach, small regions with high surface-to-volume ratios
such as the thyroid gland, and regions at interfaces or in which there is a
change of density, i.e., the lung.

COMPARISON OF SPECIFIC ABSORBED FRACTIONS FOR PHOTONS
USING EGS4 AND ALGAM COMPUTER CODES

ALGAM is a computer code that has been used to calculate the SAF of energy
for photons in a Reference Man (5). This code was widely used by the MIRD
Committee to calculate SAFs for different source-target organ combinations. The
same mathematical phantom used by the computer code ALGAM was incorporated into
the computer code EGS4 used in this research. EGS4 and ALGAM are codes capable
of simulating photon transport; however, ALGAM does not consider electron
transport. To compare the two codes, the energy cutoff for electrons in EGS4 was
set equal to the energy of the photons being transported. In this way, electrons
generated by photon interactions were not transported and, for each electron
produced by a photon, the energy was assumed to be deposited at the point of
interaction.

The target region of the phantom selected for comparison of the two codes
was the thyroid organ because of its large surface-to-volume ratio and small
size. Figure 1 shows a comparison of ALGAM and EGS4 in which no electron
transport was considered. Figure 1 shows that the two Monte Carlo codes produce
the same results when electron transport is not considered. On the other hand,
Figure 2 shows a comparison between the codes when electron transport is
considered in the EGS4 code. Lower values of SAF were obtained with the EGS4
code for photons with energies greater than 1 MeV because electrons generated by
photon interactions escaped the thyroid gland and deposited energy outside this
region. Figure 3 shows a plot of the differences of specific absorbed fraction
of energy for both electron and non-electron transport modalities. As shown in
Figure 3, a large difference is found between electron and non-electron transport
modalities for energies above 2 MeV. However, such difference is insignificant
because most radionuclides used in nuclear medicine have photon energies lower
than 2 MeV. In addition, the difference between electron and non-electron
transport will decrease as the size of the organ increases.

Based on the above results, in the calculation of revised S-values, the
ALGAM data for photon specific absorbed fractions were combined with the results
obtained from the EGS4 code for monoenergetic electrons. As Figure 2 shows, this
procedure is appropriate for photon energies below 1 MeV, the region of interest
in diagnostic nuclear medicine. Above 1 MeV, the errors associated with ignoring
electron energy transport are minimal except at photon energies above 4 MeV. The
reader is reminded that electrons generated by radioactive decay of a
radionuclide in the source regions of the body are of great importance in dose
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FIGURE 1. Specific absorbed fraction of photon energy in the
thyroid gland. Comparison of ALGAM and EGS4 codes for the thyroid as a
source and target organ. There was no electron transport in EGS4.
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FIGURE 2. Comparison between Specific Absorbed Fraction of photons with
and without electron transport using the EGS4 code. For high energy photons
there is a lower SAF than that calculated without electron transport due to
electrons escaping from the thyroid.
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calculation and are included in the calculation of S-values. These improved
calculations allow the transport of electrons across interfaces between organs.
Thus, the revised S-values provide better estimates of the absorbed dose to both
the source organs and to organs lying in the near vicinity of the source organ.
The procedure described above ignores only a very small portion of the total
photon absorbed energy.
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FIGURE 3. Percent differences of the specific absorbed
fraction of energy between electron and non-electron modalities of EGS4
transport of electrons produced by photon interactions in the thyroid.

ABSORBED FRACTIONS FOR ELECTRONS

Several regions and organs were considered for the calculation of the
absorbed fractions of energy for electrons. These regions were the thyroid
gland, bladder, stomach, heart, spleen, ovaries, testes, gallbladder, kidney and
the three subdivisions, the papillary, medulla and cortex, lower large intestine,
upper large intestine, lungs, pancreas and uterus. Electrons were generated
uniformly in the source regions. The kinetic energies used for the calculation
of absorbed fractions ranged from 0.25 to 4 MeV. Energy cutoffs of 10 keV were
established for photons and electrons. This low energy cutoff was used to allow
transport of bremsstrahlung radiation generated by electron interactions.

As an example, Figures 4 and 5 show the absorbed fractions of electron
energy calculated for the thyroid gland and the bladder contents as source
regions, respectively. If the thyroid is considered as a source organ
irradiating itself, we know that the absorbed fraction of energy for electrons
is assumed to be unity, according to the assumptions established in MIRD Pamphlet
No. 11 (3). However, Figure 4 shows a decrease of the absorbed fraction for the
thyroid irradiated by the thyroid as the kinetic energy of the electron
increases. Figure 5 shows absorbed fractions for the bladder contents and the
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bladder wall. As shown in Figure 5, the absorbed fraction in the bladder
contents decreases as the electron energy increases. These specific absorbed
fractions for electrons will be used along with those for photons to re-evaluate
S-values for different radionuclides.

1
o
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• NECK
B TRUNK TISSUE
• HEAD TISSUE

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Energy (MeV)

FIGURE 4. Absorbed fractions for electrons for different
regions. Source organ is thyroid gland.
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FIGURE 5. Absorbed fractions for electrons for different
regions. Source organ is bladder contents.
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EVALUATION OF S-VALUES

S-values can be calculated by using the following equation:

where Et is the mean energy of radiation type i; Yj is the yield of radiation
type i per transformation; Fi is the specific absorbed fraction of energy of
radiation type i for the target-source combination; and C is a constant, the
value of which depends on the units of the included quantities.
The methodology used in MIRD Pamphlet No. 11 considered the specific absorbed
fraction for electrons to be zero if the source is not the target, and 1/% if
the source is the target. For organs with walls, the specific absorbed fraction
for the wall at the surface was considered to be one half the specific absorbed
fraction of the contents (l/[2 m^]) .

Now, using the capabilities of the EGS4 code, it was possible to directly
calculate specific absorbed fractions for electrons using the beta decay
spectrum. To calculate S-values, specific absorbed fractions for photons were
obtained from MIRD Pamphlet No. 5, Revised and combined with specific absorbed
fractions for electrons calculated as part of this work. A linear interpolation
method was used to estimate absorbed fractions for both photons and electrons
given their average energy.

Estimates of S-values, using electron absorbed fractions, were calculated
for 80 radionuclides commonly used in nuclear medicine. The decay data for each
radionuclide were obtained by using the computer code RADLST (6). The code
RADLST can be used to obtain data on a specific radionuclide which includes the
atomic radiations arising from the radioactive decay, the average and maximum
energies, the yields, and the radiation equilibrium doses in tissue.
Furthermore, the beta (+ or -) spectrum of a particular radionuclide can be
obtained through the use of RADLST. As stated above, S-values wi-re calculated
for different source and target combinations using this radionuclide data base.

As an example, Tables 1 and 2 give S-values for many radionuclides for the
thyroid and bladder wall, respectively. These tables give a comparison between
the S-values calculated using the assumptions given in MIRD Pamphlet No. 11 and
S-values obtained using the absorbed fractions of electrons calculated with the
EGS4 code. The percent difference column given in Tables 1 and 2 represents the
difference between the two calculational methodologies. Small differences were
found in S-values for the thyroid; therefore, it is expected that even smaller
differences will be found for regions and organs larger than the thyroid. For
the case of organs with walls, Table 2 shows that the differences are of
importance for those high-energy beta emitter radionuclides; therefore, S-values
calculated using specific absorbed fraction for electrons should be used.

CONCLUSIONS

The use of electron-specific absorbed fractions does not drastically change
the S-values already published in MIRD Pamphlet No. 11 except for those values
associated with wall regions. For the case of organs with walls, the S-values
obtained using specific absorbed fractions for electrons can be used to supersede
the values given in MIRD Pamphlet No. 11. The current methodology is appropriate
and does not require further improvements.
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Table 1

S-values for the thyroid as a source and target region
(rad//iCi h)

Redionuclide

C-11
C-14
N-13
0-15
F-18
Na-22
Na-24
P-32
S-35
K-42
K-43
Ca-45
Ca-49
Sc-47
Sc-49
Cr-51
Mn-52m
Fe-52
Fe-52ra
Fe-55
Fe-59
Co-57
Co-58
Co-58m
Co-60

Co-60m
Cu-62
Cu-64
Cu-67
Ga-66
Ga-67
Ga-68
Ga-72
Se-73
Se-75
Kr-81m
Rb-82m

Rb-82
Sr-90
Y-87

a

4.55E-02
5.39E-03
5.70E-02
8.36E-02
3.08E-02

2.84E-02
7.17E-02
7.57E-02
5.29E-03
1.56E-01
3.75E-02
8.41E-03
1.03E-01
1.81E-02
8.90E-02
6.24E-04
1.31E-01
2.37E-02
2.30E-01
6.16E-04
1.66E-02
2.14E-03
7.18E-03
2.49E-03
1.84E-02

7.37E-03
1.43E-01
1.41E-02
1.72E-02
1.15E-01
4.33E-03
8.40E-02
6.28E-02
4.67E-02
3.30E-03
6.84E-03
2.05E-02
1.57E-01
2.13E-02
2.88E-03

b

4.33E-02
5.35E-03
5.35E-02
7.45E-02
2.99E-02
2.78E-02
6.70E-02
6.77E-02
5.26E-03
1.18E-01
3.59E-02

8.32E-03
8.90E-02
1.77E-02
7.75E-02

6.24E-04
1.07E-01
2.2SE-02
1.59E-01
6.16E-04
1.64E-02

2.13E-03
7.09E-03
2.48E-03
1.83E-02

7.31E-03
1.12E-01
1.37E-02
1.69E-02
8.21E-02
4.30E-03
7.33E-02
5.60E-02
4.35E-02
3.29E-03
6.69E-03
1.98E-02

1.19E-01
2.08E-02
2.88E-03

DIFF(X)

4.8
0.0
0.1
0.1
0.0
0.0
0.1
0.1
0.0
0.2
0.0
0.0
0.1
0.0
0.1
0.0
0.2
0.0
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.3
0.0
0.1
0.1
0.1
0.0
0.0
0.0
0.2
0.0
0.0

Radionuclide

Y-90m
Y-90
Tc-99m
Ru-97
In-111
In-113m
In-111m
In-114ni
1-123
1-124
1-125
1-126
1-129
1-130
1-131
Xe-120
Xe-121
Xe-122
Xe-123
Xe-125
Xe-127

Cs-129
Dy-157
Yb-169
U-178

Ir-t92
Au-195
Au-1?5m
Au-198

Hg-195
Hg-197
H9-197m
Hg-203
TI-201m
Tl-201
Te-123m
Pt-195m

Pb-203m1
Pb-203m
Pb-203

a

7.25E-03
1.02E-01
2.08E-03
3.86E-03
5.50E-03
1.56E-02
8.70E-03
1.62E-02
3.88E-03
2.51E-02
2.68E-03
1.74E-02
4.49E-03
3.84E-02
2.21E-02

6.65E-03
6.60E-02
1.39E-03
2.25E-02
4.86E-03
4.63E-03
2.95E-03
1.65E-03
1.37E-02
6.87E-04

2.61E-02

5.49E-03
1.30E-02
3.70E-02
6.94E-03
7.19E-03
2.34E-02
1.16E-02

6.95E-03
5.10E-03
1.17E-02
1.94E-02

1.93E-02
2.96E-02
5.41E-03

b

6.97E-03
8.64E-02
2.06E-03
3.83E-03
5.43E-03
1.49E-02
8.21E-03
1.58E-02
3.84E-03

2.23E-02
2.68E-03
1.67E-02
4.46E-03
3.71E-02
2.15E-02
6.57E-03
5.41E-02
1.39E-03
2.08E-02
4.81E-03
4.57E-03
2.93E-03
1.63E-03
1.35E-02
6.87E-04

2.54E-02
5.46E-03
1.28E-02
3.55E-02
6.89E-03
7.14E-03
2.30E-02
1.14E-02
6.73E-03
5.06E-03
1.16E-02
1.92E-02

1.73E-02
2.87E-02
5.32E-03

DIFF(X)

3.9
0.2
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0

a- no-electron transport
b- electron transport
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Table 2

S-values for the bladder contents as a source region
and bladder wall as a target region

(rad//iCi h)

Radionuclids a

C-11
C-14
N-13
0-15
F-18
Na-22
Na-24
P-32
S-35
K-42
K-43
Ca-45
Ca-49
Sc-47
Sc-49
Cr-51
Hn-52m
Fe-52
Fe-52m
Fe-55
Fe-59
Co-57
Co-58
Co-58m
Co-60
Co-60m
Cu-62
Cu-64
Cu-67
Ga-66
Ga-67
Ga-68
Ga-72
Se-73
Se-75
Kr-81m
Rb-82m
Rb-82
Sr-90
Y-87

2.61E-03
2.64E-04
3.18E-03
4.47E-03
1.89E-03
2.12E-03
4.64E-03
3.71E-03
2.59E-04
7.73E-03
2.18E-03
4.12E-04
5.81E-03
9.26E-04
4.36E-03
8.90E-05
7.22E-03
1.47E-03
1.24E-02
1.00E-04
1.18E-03
3.05E-04
7.56E-04
2.00E-04
1.66E-03
4.54E-04
7.38E-03
8.15E-04
9.11E-04
6.40E-03
4.73E-04
4.48E-03
3.90E-03
2.71E-03
2.92E-04
3.80E-04
1.97E-03
8.12E-03
1.05E-Q3
3.06E-04

b

7.95E-04
4.00E-06
9.62E-04
1.58E-03
6.47E-04
1.14E-03
2.22E-03
9.04E-04
3.00E-06
3.81E-03
6.76E-04
9.00E-06
2.70E-03
9.70E-05
1.30E-03
7.00E-05
3.71E-03
5.42E-04
7.89E-03
7.90E-05
5.72E-04
2.43E-04
5.84E-04
8.90E-05
1.16E-03
1.12E-04
3.64E-03
2.02E-04
1.21E-04
4.02E-03
3.15E-04
1.73E-03
1.94E-03
1.00E-03
2.20E-04
8.80E-05
1.54E-03
4.29E-03
5.60E-05
2.72E-04

DIFF(X)

69.5
98.5
69.7
64.7
65.7
46.0
52.1
75.6
98.8
50.7
69.0
97.8
53.5
89.5
70.2
21.3
48.7
63.2
36.6
21.0
51.3
20.3
22.8
55.5
30.0
75.3
50.7
75.2
86.7
37.2
33.4
61.3
50.2
63.0
24.7
76.8
21.7
47.1
94.6
11.1

Radionuclide

Y-90m
Y-90
Tc-99m
Ru-97
In-111
In-113m
In-111m
In-114m
-i23
-124
-125
-126
-129
-130
-131

Xe-120
Xe-121
Xe-122
Xe-123
Xe-125
Xe-127
Cs-129
Dy-157
Yb-169
W-178
Ir-192
Au-195
Au-195m
Au-198
Hg-195
Hg-197
Hg-197m
Hg-203
Tl-201m
Tl-201
Te-123m
Pt-195m
Pb-203m
Pb-203m
Pb-203

a

5.90E-C4
4.99E-03
1.52E-04
2.88E-04
4.45E-04
8.67E-04
6.02E-04
8.41E-04
2.91E-04
1.62E-03
2.09E-04
1.03E-03
2.23E-04
2.63E-03
1.22E-03
5.30E-04
3.82E-03
1.Z9E-04
1.35E-03
3.81E-04
3.70E-04
2.98E-04
1.99E-04
9.77E-04
1.15E-04
1.60E-03
5.41E-04
8.57E-04
1.97E-03
6.27E-04
5.93E-04
1.38E-03
6.55E-04
6.37E-04
5.18E-04
6.57E-04
1.28E-03
1.18E-03
2.09E-03
3.82E-04

b

3.77E-04
1.74E-03
7.40E-05
1.71E-04
2.75E-04
2.33E-04
3.15E-04
1.12E-04
1.54E-04
6.92E-04
1.22E-04
3.33E-04
7.00E-06
1.2SE-03
2.60E-04
3.14E-04
2.09E-03
9.10E-05
5.50E-04
2.16E-04
2.16E-04
2.26E-04
1.72E-04
4.02E-04
9.40E-05
5.28E-04
3.20E-04
2.90E-04
3.84E-04
3.53E-04
2.85E-04
3.17E-04
1.47E-04
4.61E-04
3.18E-04
1.32E-04
4.01E-04
5.69E-04
1.08E-03
1-96E-04

DIFF(%)

36.1
65.1
51.3
40.6
36.2
73.1
47.7
86.7
47.1
44.3
41.6
67.6
96.9
52.4
78.8
40.8
45.3
29.5
59.1
43.3
41.6
24.2
13.6
58.9
18.3
67.0
40.9
66.2
80.5
43.7
51.9
77 1
77.6
27.6
38.6
79.9
68.7
51.7
48.5
48.7

a- no-electron transport
b- electron transport
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ABSTRACT

The absorbed fractions of continuous sources of monoenergetic electrons in
marrow cavities of human bone have been previously evaluated. The difference in
the scattering power of electrons in cortical bone (CB) and the red marrow (RM)
was neglected. In the present work the Integrated Tiger series of radiation
transport Monte Carlo codes was used to investigate the effect of the size of the
marrow cavity, assumed to be spherical, on the backscatter dose to the RM. Three
hundred and 500-/jm radius spheres imbedded with isotropic distributions of 90Y or
131I were considered. The average dose increases for 13lI and 90Y in the 500 ̂ m
radius spherical model of the marrow cavities are 5 and 4%, respectively. The
average dose increases for the same nuclides in the 300-/jm radius spheres are 6
and 4%, respectively.

INTRODUCTION

Radiolabeled monoclonal antibodies for tumor antigens provide an
unconventional method of cancer therapy and diagnosis. Early clinical trials of
monoclonal antibody radiotherapy have been successful In reducing tumor size in
selected groups of patients (1-4). Systemic administration of radiolabeled
anti-tumor antibodies provides a specific delivery system of radioactivity to the
tumor sites. The dose limiting organ for this procedure is usually the red bone
marrow (RM) and therefore it is clinically important to quantitate its dose as
accurately as possible.

Beta emitters could be used to label anti-tumor antibodies for treating
occult micrometastases and single tumor cells. Eckerman (5) presented Monte
Carlo calculations for the absorbed fractions to cortical bone (CB) and RM from
sources of monoenergetic electrons in tht- RM. In these calculations dose to the
RM caused by increased electron backscatter from CB was not considered.

In a previous paper (6) we presented experimental measurement of the dose
increase due to electron backscatter from a point source of electrons near a
planar interface of bone and soft tissue. The measurement agreed well with those
predicted by the Monte Carlo radiation transport codes CYLTRAN of the Integrated
Tiger Series (7) and the Electron-Gammi -Shower version 4 (EGS4) (8). We recently
extended our previous work by considering the backscatter dose increase due to an
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isotropic distribution of electrons near planar, cylindrical and spherical
interfaces of CB and RM (9). These geometries allow us to estimate the effect of
topology of the interface on the dose increase. It turns out that the average
dose increase is insensitive to the topology of the CB/RM interface for 500 urn
radius of curvature. In this paper, we use 300 and 500 /im radius spheres as
typical marrow cavities for the calculation of the dose increase due to imbedded
isotropic sources of 90 Y or 131I.

CALCULATION METHOD

The ACCEPT code of the Tiger series was used to predict the electron
backscatter dose increase in a spherical geometry of RM. Sphere radii of 500
microns or 300 microns were used. The sphere was composed of RM bounded by a
spherical shell of CB. The annular thickness of the CB shell was large compared
with the CSDA range of the electron energy considered here. The sphere was
divided into concentric spherical shells of scoring regions. The shell radii
were 100, 200, 300, 350, 400, 420, 440, 460, 480, and 500 microns for the larger
spheres. The corresponding shell radii were 50, 100, 150, 200, 220, 240, 260,
280, and 300 microns for the smaller spheres. Thinner scoring regions were
defined near the interface due to the rapid drop in backscatter dose away from
the interface. A thickness of 20 microns for the scoring regions next to the
interface approximates the endosteum lining the marrow cavities.

BACKSCATTER DOSE INCREASE DUE TO A POINT SOURCE OF ACTIVITY

A point source of 90Y or 131I was assumed to be located at the center of the
RM sphere bounded by CB (inhoinogeneous geometry) or bounded by RM (homogenous
geometry). Fifty thousand histories were used for each of the nuclides. The
dose enhancement ratio in each of the scoring regions is the dose in the
inhomogeneous geometry divided by the dose in the homogeneous geometry.

BACKSCATTER DOSE INCREASE DUE TO AN ISOTROPIC DISTRIBUTION OF ACTIVITY

The dose deposited in each of the scoring regions due to an isotropic
distribution of the beta source in the sphere is then obtained as follows. Let
sD(r) be the energy deposited in a scoring region s as a function of radial point
source position r. This function was constructed by linear interpolation of the
discrete Monte Carlo values with respect to r. A function of this type was
obtained for both the homogeneous (H) and inhomogeneous geometries (I) for each
scoring region. The total energy sDj deposited in the scoring region s by an
isotropic distribution of the beta source for the inhomogeneous geometry is given
by

,DX = 4 * J sDx(r) r
2 dr (1)

Similarly, the total energy SDH deposited in the same region for the
homogeneous case is:

sDa = 4 7T J sDH(r) r
2 dr (2)

The dose enhancement ratio due to an isotropic distribution of the beta
source in the scoring region s is: SD: / SDH.
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The dose enhancement ratio for the-whole sphere is found by summing its
energy deposited in all scoring regions in the inhomogeneous geometry and that in
its homogeneous geometry and then by dividing the former sum by the latter. That
is:

Dose enhancement ratio - 8E sDt / SS SDH (3)

RESULTS

Fig. 1 gives the dose enhancement ratio in the spherical scoring regions as
a function of their radial positions due to an isotropic distribution of 90Y in a
500 /un radius sphere. The continuous curve represents a biexponential fit to the
data points obtained from the Monte Carlo calculation. The maximum dose
enhancement, occurring within 20 nm from the RM/CB interface, is 11%. The
smallest dose enhancement, occurring at the centre of the sphere, is only 1%.
Averaged over the whole sphere, the dose enhancement ratio is 1.04.
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Figure 1 - Variation of dose enhancement ratio in concentric scoring regions
with their radial positions in a 500 ptm radius sphere of marrow
cavity. The cavity was imbedded with an isotropic distribution
of 90Y and surrounded by a thick shell of trabecular bone.

Fig. 2 gives the radial variation of dose enhancement ratio in the 500 /im
radius sphere for an imbedded isotropic distribution of 131I. The continuous
curve again represents a biexponential fit to the Monte Carlo calculation data.
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The values of the parameters in the fitting function for 131I differ slightly
from those for 90Y, since the maximum dose enhancement for 131I is 17%. The
smallest dose enhancement at the centre of the sphere is also 1% for 131I.
Averaged over the whole sphere, the dose enhancement for 131I is 5%.
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Figure 2 - Variation uf dose enhancement ratio in concentric scoring regions
with their radial positions in a 500 /*m radius sphere of marrow
cavity. The cavity was imbedded with an isotropic distribution
of 131I and surrounded by a thick shell of trabecular bone.

For the 300-j«n radius spheres, the radial variation of dose enhancement
ratio for 90Y is similar to that for the 500 fim radius spheres. The maximum dose
enhancement ratio for the smaller sphere, being 1.08, is smaller than that for
the bigger sphere. No significant dose enhancement is observed at the centre of
the smaller sphere. Averaged over the whole 300 /im radius sphere, the dose
enhancement ratio remains at 1.04.

For the 300-/jm radius spheres impregnated with uniform activity of 131I, the
maximum dose enhancement ratio is 1.18, while the average dose enhancement ratio
is 1.06.

CONCLUSION

An accurate determination of the dose deposited in bone marrow due to
imbedded radioactivity is complicated by the complex structure of trabecular
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bone. The trabecular bone is composed of thin lamellae of CB (trabeculae) which
form a meshwork of interconnecting spaces (marrow cavities) filled with red and
yellow marrow. The marrow cavities have different distributions of sizes for
different types of bone. Since most of the active hemopoietic cells in adults
are found in the lumbar vertebrae and the iliac crest, whose marrow cavities have
mean chord lengths of about 1000 microns (5), we have approximated them in a
recent work (9) as spaces bounded by (a) two parallel slabs of CB 1000 microns
apart, (b) a cylindrical shell of CB with radius of curvature 500 microns, or (c)
a spherical shell of CB also with 500 micron radius. The maximum average dose
increase is found to be insensitive to the topology of the CB/RM interface. Here
we felt justified to use just the spherical model to investigate how the dose
increase varies with the diameter of the sphere and the energy of the imbedded
beta source. The most probable chord length of the marrow cavity of the L3
vertebra of an adult, according to the work of Spiers (10), has been quoted as
about 300/im. The mean chord length was about 600-/im. Six hundred /xm diameter
spheres were also used as a model of marrow cavities here. Cloutier and Watson
(11) previously modeled the marrow spaces as small spheres with 800-^m diameter,
which is intermediate between our selected values. Although in the case of 90Y
the maximum dose enhancement ratio is greater for the 500-/im radius sphere than
for the 300-fim radius sphere, the average dose enhancement ratio for the whole
sphere is independent of the size of the sphere. In the case of 131I, both the
maximum enhancement ratio and the average enhancement ratio are marginally
greater for the 300-pm radius sphere than the 500-/*m radius sphere. The average
dose ratio is also insensitive to the average energy of the beta particles of 90Y
or 131I, two commonly used radionuclides for radioimmunotherapy. 90Y has an
average beta energy of 935 keV, which is about 5 times as great as that of 132I
(average equal to 182 keV). The average dose increase for 131I is only greater
than that for 90Y by 1 to 2%.

It has been suggested (12) that the stem cells of the red marrow in mice may
be 2-3 times denser near the bone surface than far from it. If this is true for
humans, a higher percentage of the marrow stem cells may receive a dose
enhancement as high as 17 + 1 % (from 13iI) within 20 micron from the bone
surface according to the spherical model. The average dose increase to the
marrow will also be higher, depending on the exact distribution of the marrow
inside the cavities.

The trabeculae have a wide distribution of thicknesses (5) with a mean value
of 247 nm for the lumbar vertebra. The mode of the distribution depends upon
the bone being considered. This paper only dealt with thicknesses of trabeculae
greater than those required for the saturation of backscatter dose. It will be
the subject of a separate paper to investigate the backscatter dose from thinner
trabeculae.
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ABSTRACT

In many calculations of absorbed dose from charged particles, the irradiated
media is considered to be homogeneous and boundary effects are ignored. These
assumptions are acceptable in situations where the target volume is large
compared to the range of the charged particles and the media is homogeneous in
composition over such distances. These simplifying assumptions are not always
true, and for complex structures, such as trabecular bone, more sophisticated
dosimetry methods are needed. In this work, a model for electron energy
deposition in bone is developed utilizing the electron transport code EGS4. For
each electron history, random samplings are made of the chord length
distributions through marrow cavities similar to the research of Chen and Poston.
Specific parameters of the distribution are adjusted to represent both the
variation of cavity size throughout the skeletal system, as well as the variation
of cavity size within a particular cross section of bone. Calculations are
presented in terms of absorbed fractions of energy within red bone marrow,
trabeculae, and the endosteal layer for various internal distributions of a
selected number of radionuclides.

INTRODUCTION

In many dose calculations involving charged particles, the radionuclide is
assumed to be uniformly distributed in a homogeneous medium (tissue) and boundary
effects are ignored (1). Usually, the absorbed fraction of energy is assumed to
be equal to unity for situations in which the target region corresponds to the
source region and zero otherwise. For more complex structures, for example the
trabecular bone, these simplifying assumptions are not appropriate and more
sophisticated approaches are necessary.

Historically, there have been many approaches to the dosimetry of
radionuclides which deposit preferentially in the bone. One of the earliest
methods was based on the deposition of radium in the skeleton and the large body
of information accumulated on the radium dial painters. This was the approach
taken by the International Commission on Radiological Protection in ICRP
Publication 2; the maximum permissible body burdens of bone-seeking radionuclides
were based on a comparison to radium and the assumption that the MPBB for
radium-226 delivered a dose equivalent to the bone of 30 rem/year (2). For
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radionuclides which exhibited a distribution in bone different from that of
radium, a "relative damage factor" correction of 5 was applied in the calculation
of the effective absorbed energy.

The Medical Internal Radiation Dose (MIRD) Committee has used two approaches
in their published dose estimates. An early method was based on the research of
Spiers and his colleagues (3,4,5,6). This method, used by Snyder and his
colleagues (7), was based on a modified Bragg-Gray approach which expressed the
ratio of the desired doses, Ds (endosteal cells) and D^ (red bone marrow), to a
dose based on complete absorption of energy, Do. The ratios Ds/D0 and Dn/Da were
averaged over cortical and trabecular bone and plotted as a function of average
beta energy. Spiers original data included only about seven radionuclides.
Estimates for other beta emitters were obtained by interpolation or extrapolation
in average energy. It is interesting to note that the MIRD Committee never
published a complete explanation of this approach.

The second method used by the MIRD Committee, in selected situations, was
based on the research of Johansson (8). This author calculated S-values for a
about 120 radionuclides either as volume or surface sources in trabecular and
cortical bone using a modified approach based on the data of Spiers mentioned
previously. A review of these data indicates that activity in the trabecular
bone causes a larger absorbed dose to the red marrow and the bone surface cells.
This observation held true for both surface and volume sources.

In a more recent publication (9), the ICRP has separated radionuclides into
two categories, surface- and volume-seekers, and specified constant values of the
absorbed fraction of energy for both alpha- and beta-emitting radionuclides. As
with previous approaches, the model for beta-emitting radionuclides uses much of
the data accumulated by Spiers and his colleagues. For surface-seeking, beta-
emitters, the absorbed fractions of energy are specified for radionuclides with
average energies below and above 0.2 MeV.

In 1982, Chen and Poston (10) provided estimates of the absorbed energy for
monoenergetic electrons in trabecular bone. These authors used chord length
distribution functions derived by Scarborough (11) from the work of Spiers (4).
A spherical model of the marrow cavity and a shell model of the trabecular bone
were used. This approach, coupled with an advanced electron-photon transport
code, was used in the research described herein to provide estimates of the
absorbed fractions of energy in trabecular bone and the endosteal layer for
several radionuclides assumed to be uniformly distributed in trabecular bone, the
endosteal layer, or in the red bone marrow.

CALCULATIONAL APPROACH

THE EGS4 CODE

Estimates of absorbed fractions of energy for a number of beta-emitting
radionuclides were obtained using the EGS4 computer code (12). This code package
can be used to simulate the coupled transport of electrons and photons in an
arbitrary geometry for particles with energies in the range of a few keV up to
several TeV. The EGS4 code is an analog Monte Carlo code since each particle
history is followed completely. The history is terminated usually when the
particle reaches an energy cutoff limit or escapes across a boundary. The EGS4
code package is designed to provide the user with a great deal of flexibility.
The user is not required to understand the internal details of the code and
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communicates with the main code through a series of user prepared subroutines.
The user must specify the following information:

(1) the physical characteristics of the incident particles,
(2) the target region in which particle transport is to be

simulated,
(3) the starting locations of the particles and any "energy

cut-off criteria to be used, and
(4) the quantity of interest to be calculated.

Interaction processes taken into account in the code include Bremsstrahlung
production, positron annihilation in flight and at rest, Moller and Bhabha
scattering, Moliere multiple scattering, photoelectric effect, Compton
scattering, pair production, and Rayleigh (coherent) scattering. Continuous
energy loss is applied to charged particle tracks between discrete interactions.

THE BONE MODEL

The model used in these calculations focusses on the trabecular bone and
irradiation of the red bone marrow and the endosteal layer. A mass of 1 kg is
assumed for the trabecular bone and the endosteal layer is assumed to be 10
microns thick (9). Three possible source regiors were selected; mineral bone,
endosteal layer, and the red marrow. These three regions also represent the
targets of concern. Only two media were used in the calculation; mineral bone
and red marrow. Mineral bone was assumed to have the elemental composition shown
in Table 1. Also shown in this table is the elemental composition of red bone
marrow and the endosteal layer (13). Mineral bone is assumed to have a density
of 1.92 g/cm3 whereas both the red marrow and the endosteal layer have a density
of 1.03 g/cm3.

Table 1

Recommended Elemental Composition of Mineral Bone
Red Bone Marrow and the Endosteal Layer (13)

Element

H
C
N
0
Na
Mg
P
S
Ca
Cl
Fe
K

Percent by Mass

Mineral
Bone

3.4
15.5
4.2

43.5
0.1
0.2
10.3
0.3
22.5

Red Bone
Marrow

10.5
41.4
3.4

43.9

0.1
0.2

0.2
0.1
0.2

Endosteal
Layer

10.5
41.4
3.4

43.9

0.1
0.2

0.2
0.1
0.2

The model used in this study assumed a spherical cavity and used the methods
described by Chen and Poston (10) for selection of the marrow cavity size, the
trabecular bone thickness, etc. A schematic representation of this model is
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shown in Figure 1. In this figure, AM is the marrow cavity diameter which was
selected from probability distribution functions obtained from Spiers chord
length distributions (4). The trabecular thickness, m, was obtained by
considering the volume ratio of the red marrow to the trabecular bone and the
mean cavity size This figure may be somewhat misleading in that the mean cavity
size and the trabecular bone thickness were variable depending on the type of
bone selected and the location (i.e., clavicle, pelvis, upper arm, lower arm,
etc.). In addition, when a particle crossed a trabecular bone boundary entering
another marrow cavity, another cavity diameter, AM, was selected. Thus,
representing the cavities as being of the same diameter, as is done in this
figure, is not a true representation of the actual calculational approach.

Endosteal Layer

Trabecular Bone

Marrow Cavity

Figure 1 - Shell model for trabecular bone

Seven beta-emitting radionuclides have been considered in the calculations.
These radionuclides range from C-14 (0.0487 MeV) to Y-90 (0.937 MeV). These
calculations considered Sr-90 and Y-90 separately as well as in the form Sr/Y-90
(0.563 MeV). In all cases, source regions considered were mineral bone, the
endosteal layer, and the red marrow. Uniform distributions were assumed and the
average beta energy was used for each radionuclide. The radionuclides and the
average beta energies are listed in Table 2.
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Table 2

Radionuclides Considered in the Calculations of
Absorbed Fractions in the Bone Model

Radionuclide

C-14
Ca-45
Sr-90
Na-22
Sr/Y-90
P-32
Ca-49
Y-90

Average Energy (MeV)

0.0487
0.0762
0.172
0.233
0.563
0.685
0.856
0.937

RESULTS
v

Currently, the model is being used to provide estimates of the absorbed
fraction of energy for selected beta-emitting radionuclides distributed uniformly
in mineral bone, the endosteal layer, or in red bone marrow. These calculations
are not complete and only partial results are available. Table 3 presents an
example of the energy absorbed per transformation for Sr/Y-90 assuming a uniform
distribution of the radionuclides in the endosteal layer.

Table 3

Absorbed energy per transformation (in MeV)
for Sr/Y-90 uniformly distributed in the
endosteal layer as the source region*

Bone Type

Rib
Skull
Spine
Upper arm
Upper leg
Clavicle
Pelvis

Mineral
Bone

0.13
0.21
0.23
0.12
0.05
0.27
0.21

Endosteal
Layer

0.007
0.006
0.006
0.007
0.009
0.006
0.007

Red Bone
Marrow

0.43
0.35
0.33
0.44
0.50
0.28
0.35

* Total energy available per transformation is 0.563 MeV, values
given above have been rounded.

As can be seen by inspection of these data, in some cases, more than 80% of
the total energy emitted per transformation is absorbed in the red bone marrow.
This result is surprising in that simple geometrical considerations would lead to
the conclusion that the fraction of absorbed energy should not exceed 50% (i.e.,
about 0.28 MeV). However, these results may be plausible if one considers
several important facts. First, these results are for a relatively energetic
beta-emitter (average energy 0.563 MeV). Second, trabecular bone is
characterized by a high surface to volume ratio (about 120 cmz/cm3) and, even in
some bones which are considered to be "highly trabeculated", the trabecular bone
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mass is less than 10% of the total mass. The trabecular thickness, m, is
selected randomly as part of the calculation and it is possible that the
thickness is such that an energetic beta particle would be only partially
attenuated in a thin spicule of trabecular bone. These results should be
considered as preliminary until more data are available for other radionuclides
and the computer code has been checked more thoroughly.

Table 4 presents preliminary results for the absorbed fractions of energy in
the pelvis for Sr/Y-90 uniformly distributed in all three source regions. These
data demonstrate the important situation in which the source region irradiates
itself. For the mineral bone or the red bone marrow as the source region, the
absorbed fraction of energy is greatest for the source-source situation. This
relation does not, however, pertain for the endosteal layer as a source region
because of the assumption that this layer has only a 10 micron thickness. For
this energetic combination of radionuclides, the endosteal layer absorbs only a
small fraction of the total energy.

Table 4

Absorbed fractions of energy in the pelvis
for Sr/Y-90 distributed in selected source regions

Source*

M. Bone

E. Layer

R.B.M.

Mineral
Bone

0.72

0.37

0.18

Endosteal
Layer

0.005

0.012

0.005

Red Bone
Marrow

0.28

0.62

0.81

* M. Bone - mineral bone, E. Layer - endosteal layer, R.B.M. = red bone
marrow.

CONCLUSIONS

Preliminary results are presented of the absorbed fraction of energy for
selected beta-emitting radionuclides distributed uniformly in mineral bone, the
endosteal layer, or in the red bone marrow. These results indicate that previous
simplifying assumptions on the absorbed fractions of energy may under estimate
the actual absorbed energy. That is, the simple assumptions may not be
conservative. However, these calculated results are to be considered preliminary
until the computer code can be evaluated further.
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ABSTRACT

A calculation^ approach to generating scaled dose kernels for electrons is described. Each
scaled dose kernel is expressed in the form of a data table consisting of 100 values representing point
kernels within 100 equally divided spherical shells of a sphere of radius 1.2 times the Continuous
Slowing Down Approximation (CSDA) range. The calculation begins with a determination of energy
deposition for monoenergetlc electrons in muscle. The data are then used to provide scaled dose
kernels which are applicable in absorbed dose calculations for internally deposited radionuclides. The
absorbed dose is obtained by calculating source-target distances and selecting appropriate values from
the kernel tables. This algorithm for dose kernel calculations can be extended to provide composite

scaled dose kernels for any P-emitting radionuclide precisely and quickly without the need for time-
consuming Monte Carlo calculations.

INTRODUCTION

Electron radiations, administrated both internally and externally, have become increasingly
popular for use in radiation treatment of cancer. Beta-emitting nuclides often are used in medicine for
therapeutic purposes. The nuclides can be injected into a patient in the form of labeled compounds or
can be used in applicators. Electrons or beta particles are preferred because these radiations exhibit a
rapid dose fall-off distal to the treatment volume, thus providing protection to vital healthy tissue. The
deb" very of radioactive materials to tumor sites using radiolabeled monoclonal antibodies is currently
being considered for the treatment of malignant tumors. Beta-emitting radioisotopes can now be
attached to proteins that can bind to tumor cell surfaces. Thus, a new dimension of therapeutic
application of beta-emitting nuclides is under development which necessitates precise and fast dose
calculations.

The absorbed dose from a point source of radiation as a function of the radial distance r is
termed the dose kernel, K(r). The point dose kernel is defined as the expectation value of the spatial
distribution of energy deposited in a target volume centered about a point radionuclide source per unit
mass of the target volume. The dose kernel can be related to the formalism adopted by the Society of
Nuclear Medicine's Medical Internal Radiation Dose (MIRD) Committee (1-3) and used for absorbed
dose calculations. For an isotropic point source emitting an average energy Egv per decay, the specific
absorbed fraction, 4>(r), is radially symmetric and the dose kernel can be expressed in the form:

K(r) = E a v • O(r). (1)

Investigators have used various scaling distances in absorbed dose calculations. For example,
Berger used X90, the radius of the sphere within which 90% of the emitted energy is absorbed (4). In
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this research, the Continuous Slowing Down Approximation range, Rcsda, is adopted as the scaling
distance. Using Rcsda has the advantage of being more readily available than other quantities. We can
then define the scaled dose kernel, F(r/RcsdaX as a dimensionless quantity defined as:

(2)

where p is the density of the target medium. For a point source isotropically emitting electrons of
kinetic energy Eo, the specific absorbed fraction in a concentric shell with thickness r is expressed in
the form:

= 5E(r)/Eo = 8E(r)/Eo ^

8m(r) 4 JC p r2 8 r ' <3>

where 8E(r) is the energy absorbed in a concentric shell of radius r,
5m(r) is the mass of the concentric shell; and
8r is the thickness of the concentric shell.

Therefore, the relationship between the scaled dose kernel, F(r/Rcsda). and energy dissipation is
expressed in the form:

_ SE(r)/Eo
F(r/Rcsda) = • (d)

Sr/R l '

This form can be used in a Monte Carlo code to determine the scaled dose kernel by simulating energy
deposition in each concentric shell. For a monoenergetic electron source, the absorbed dose D can be
expressed in the form:

D = E F ( f / R c s d a )

471 p r2 Rcsda (5)

In this equation, the absorbed dose is only a function of distance between source and target, regardless
of the size or shape of the target. The scaled dose kernel is conveniently applied to more sophisticated
geometrical source-target relations by performing simple integrals over the point-source distribution.
The absorbed dose for the total target volume is the summation of all the source volume contributions
to the absorbed dose.

METHODOLOGY

TARGET MATERIAL

The target material studied in this research is skeletal muscle, which represents 28 kg of the total
mass of a 70 kg Reference Man (5). Skeletal muscle has been used widely for simulating human
tissue. Its atomic composition, in percentage by weight, is shown in Table 1 (6). Skeletal muscle is
composed of 13 different elements, and has density equal to 1.04 g cnr3 . Skeletal muscle has the
advantage of representing more appropriately several human organs. Table 2 lists the elemental
compositions of several human organs and indicates that the skeletal muscle is a good formulation for
many tissues.
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Table 1. The atomic composition of skeletal muscle
(weight by percent)

H
C
N
0
Na
Mg
P
S
Cl
K
Ca
Fe
Zn

10.06
10.78
2.77

75.48
0.08
0.02
0.18
0.24
0.08
0.01
0.003
0.003
0.003

Table 2. Recommended elemental compositions and density of the selected body tissues*

Tissue

Skeletal Muscle
Blood
Cell nucleus
GI tract
Heart (blood filled)
Kidney
Liver
Lung
Ovary
Thyroid

Elemental composition
H C N

10.06
10.2
10.6
10.6
10.3
10.3
10.2
10.3
10.5
10.4

10.78
11.0
9.0
11.5
12.1
13.2
13.9
10.5
9.3
11.9

2.77
3.3
3.2
2.2
3.2
3.0
3.0
3.1
2.4
2.4

(% of mass)
O

75.48
74.5
74.2
75.1
73.8
72.4
71.6
74.9
76.8
74.5

Density (kg m~3)

1040
1060
1000
1030
1060
1050
1060
1050 (deflated)
1050
1050

* This table is abstracted from Table 4.4 of Ref.7.

ENERGY DEPOSITION STUDY OF MONOENERGETIC ELECTRONS

In this work, calculations are made of the distribution of absorbed dose in volumes containing
point isotropic sources of electrons and that have dimensions of ~1.2 times the Rcŝ a °fme emitted
particles. Fig. 1 shows the geometrical arrangement used for the energy deposition study of
monoenergetic electrons. The choice of 1.2 times Rcsda as the sphere radius allows consideration of
energy-loss straggling which may result in energy transport to distances greater than die CSDA range.
The sphere used in the calculations is subdivided into 100 concentric shells and the thickness of each
shell was 1.2 % of Rj.^. Electron point sources are assumed to be at the center of the tissue sphere
and electron transport is initiated randomly in any direction.
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dn=1.2%ofRcsda

Figure 1. The target sphere with an isotropic point source at its center.

Since energy deposition in each concentric shell is the foundation of these absorbed dose
calculations, precise calculations of this quantity must be performed by obtaining the appropriate
number of electron histories. The Monte Carlo computer program Electron Gamma Shower (EGS4)
(8) was employed to study the energy dissipation histories. Monoenergetic electrons with kinetic
energies of 0.05, 0.1, 0.25, 0.5, 1.0,2.0, and 4.0 MeV are simulated to provide tabulations of energy
deposition. Each electron history is assumed to begin at the center of the tissue sphere and the energy
deposition in every ring is traced until the electron reaches a specific cut-off energy or crosses the
target boundary. One hundred thousand electron histories for each energy are studied to obtain a
statistically satisfactory result. After obtaining the energy deposition histories, the quantity Ffr/Rcsda)
is calculated using Eq. 4.

DOSE CALCULATIONS FOR MONOENERGETIC ELECTRONS

There are various methods in the literature for convoluting dose point kernels into the
calculation of absorbed dose. Kwok et al. (9) and Prestwich et al. (10) have applied analytical
formulae to calculate absorbed dose taking into account the radionuclide spectrum. A more general
method is adopted in this work which uses a direct sampling technique and superimposes the resultant
behavior of thousands of individual radioactive transformations. This sampling method has the
advantage of being more applicable to any source distribution. Also, this sampling technique is able to
simulate any beta-emitting radionuclide as a source point. However, many trials need to be made
before a suitable number of sampling cases is found to reduce statistical fluctuations.

Eq. 5 is applied to the calculation of absorbed dose distributions in tissue, by assuming that the
target is a uniform tissue sphere and the electron emitting sources are monoenergetic and are uniformly
distributed within the sphere. Absorbed dose calculations are performed for certain fixed target points
instead of the whole spherical volume. These dose points are sufficient to represent the dose profile in
the target volume due to the symmetry of the sphere. To convolute isotropic point kernels into
absorbed dose distributions, a sampling technique similar to a Monte Carlo calculation is introduced to
simulate the source distribution. The sampling technique uses a random number generator to produce
arbitrary source points according to the given source distribution and definition of the source area. For
example, the random source points SI, S2 and S3 are shown in Fig. 2. Absorbed dose calculations
are performed on the fixed target points defined by the user, such as the dose points Tl , T2,...T7 in
Fig. 2. Successive sampling iterations are repeated until a sufficiently large number of sampling cases
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is reached, so that the sampling points are able to represent the source distribution. The dose
contributions from each of the random source points to the target points are then summed. The
absorbed dose is obtained by dividing the accumulated sum by the number of iterations. Fig. 2
illustrates this sampling technique.

Yaxis

X axis

Figure 2. Illustration of the sampling technique used in the dose algorithm.

Three different sizes of tissue spheres (0.5, 1.0 and 2.0 cm in radius) are used as target
volumes to study the absorbed dose distribution of internally deposited monoenergetic electron
sources. One million electrons with 1.0 MeV kinetic energy are released randomly inside the target
sphere. For each study, three methods are utilized. First, the Monte Carlo method using the EGS4
code is implemented as a benchmark against which to compare the point kernel algorithm. Second, the
SAF data base for monoenergetic electrons is used as a reference table from which interpolations are
made of SAF values for use in absorbed dose calculations following Eq. 1. The third method employs
a fifth-order polynomial to fit the curve of scaled dose kernel versus scaled distance. Then, this
polynomial is used to generate a scaled dose kernel of any given distance, and the kernels are used for
the absorbed dose calculation following Eq. 5.

RESULTS

SCALED DOSE KERNELS FOR MONOENERGETIC ELECTRONS

In Figs. 3-6, the scaled dose kernel profiles for electrons with energies of 50 keV, 250 keV,
1.0 MeV and 4.0 MeV are plotted. According to Eq. 4, the scaled dose kernel, Ffr/Rcsda), is obtained
by dividing the absorbed fraction of energy by the scaled interval Br/Rcsda, which is the thickness of a
concentric shell expressed as a fraction of RCsda- Values of absorbed fraction in each Monte Carlo
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Figure 3. Scaled dose kernel profile for 50-keV electrons in skeletal muscle.
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Figure 4. Scaled dose kernel profile for 250-keV electrons in skeletal muscle.
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Figure 5. Scaled dose kernel profile for J-MeV electrons in skeletal muscle.
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Figure 6. Scaled dose kernel profile for 4-MeV electrons in skeletal muscle.
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study using the EGS4 code sum to unity. This indicates that the electron energy was completely
deposited within 1.2 times of Rcsda- However, summation of the F(r/Rcsda) values accounts for only
83% of the energy because the scaling distance or the thickness of each concentric shell is 1.2% of
Rcsda instead of 1% of Rcsda-

Scaled dose kernels for 1-MeV monoenergetic electrons in water were determined using the
EGS4-PRESTA Monte Carlo code and are compared in Fig. 7 with both the improved point kernels of
Berger (11) and those of Simpkin and Mackie (12). The discrepancy in the location of the peak of
F(r/Rcsda) between EGS4-PRESTA and Berger's improved kernels is explained by an error in the
method of sampling the Landau distribution in Berger's Monte Carlo code. The agreement between
the results of EGS4 and Berger's improved kernels is quite good.

EGS4-PRESTA
Beiger(1973)
Simpkin & Mackie (1990)

0.4 0.6 0.8
Scaled Distance (Fraction of Rcsda)

Figure 7. Scaled dose kernels for 1-MeV monoenergetic electrons in water.
The results from this work are compared to those of Berger (11) and of Simpkin and
Mackie (12).

DOSE DISTRIBUTIONS FOR MCNOENERGETIC ELECTRONS

Dose calculations for monoenergetic electrons were performed following the methods
discussed previously. Figs. 8-10 show the dose profiles for 1-MeV electrons uniformly distributed in
spheres with 0.5, 1.0 and 2.0 cm radius, respectively. One million electron histories were studied by
using the SAF database method and a kernel polynomial method. These two methods exhibit better
statistical results as compared to those cf the EGS4 transport method with only 100,000 electron
histories. The agreement between all three methods is very good except for the fluctuations generated
by the transport method at low radial distances.
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Figure 8. Absorbed dose profile for 1.0-MeV monoenergetic
electrons in a 0.5 cm-radius tissue sphere.
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Distance (cm)
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Figure 9. Absorbed dose profile for 1.0-MeV monoenergetic
electrons in a 1.0 cm-radius tissue sphere.
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Figure 10. Absorbed dose profile for 1.0 MeV monoenergeric
electrons in a 2.0 cm-radius tissue sphere.

Results of this study indicate that the dose profile depends strongly on the beta energy and size
of the target region. For the sphere with 0.5 cm radius, it is obvious that less electron energy is
deposited in the target as compared to larger targets. The values of absorbed dose under charged
particle equilibrium can be expressed as the energy deposited in the sphere divided by its mass.
According to the Monte Carlo method, the energy deposited is 37%, 45% and 49% of 1.0 MeV in the
0.5 cm, 1.0 cm and 2.0 cm radius spheres, respectively. Both the SAF sorting method and the kernel
polynomial method generated similar values of" absorbed dose compared to the result obtained with the
EGS4 transport code. Therefore, the sampling algorithm employed in this research, illustrated in Fig.
2, is sufficient to simulate the source distribution with a result as good as that using the Monte Carlo
method. The selection of target points in a radial axis is capable of presenting a dose distribution
profile for a spherical target. Therefore, the dose calculation algorithm and sampling method are
adequate to provide results comparable to those of the Monte Carlo code.

The CDSA range of 1-MeV electrons in skeletal muscle is about 0.425 cm. If electrons are
deposited in positions with a distance to the boundary which is less than Rcsda. there is a possibility
that part of the electron energy will escape from the tissue sphere. This phenomenon is clearly
observed in these calculations. Charged particle equilibrium is also observed in those target regions
with equal dose values, which implies that energy deposition in that region is in equilibrium. In the
smaller sized sphere, a lesser portion of the target volume has achieved charge particle equilibrium as
compared with larger spheres.

Moreover, using this dose calculation algorithm has the advantage of reducing computer time
significantly. For 100,000 electron histories, both the SAF sorting method and the kernel polynomial
method took ~5.5 minutes of VAX-8800 cpu time to complete the dose calculation in one sphere; the
EGS4 transport code took approximately 4 hours and 15 minutes cpu time for the same calculation.
Thus, the dose calculation algorithm has the advantage of being 50 times faster in computer running
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time. The advantage of computer time saving will be useful for absorbed dose calculations
encountered in medical treatment planning, in which fast and accurate means of providing dose
estimates are required.

CONCLUSIONS

Using the EGS4-PRESTA Monte Carlo code, the energy deposition airound point sources of
monoenergetic electron emitters in skeletal muscle has been calculated. This database constitutes the
foundation for the assessment of radiation absorbed dose to small volumes or regions of the human
body. The discrepancies between these results based on EGS4-PRESTA in water and the dose kernels
based on the Monte Carlo code of Berger are explained by known sampling errors in the energy-loss
straggling algorithm. The EGS4-PRESTA dose kernels are systematically greater near the origin and
decrease after passing through a maximum.

The use of skeletal muscle as the target material of interest makes the results closer to the real
situation encountered in nuclear medicine and radioimmunotherapy. The application of scaled dose
kernels based on skeletal muscle to dose calculations in the treatment of tumors gives a better
approximation than that obtained in water, which is a simplified tissue-equivalent substance.
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POINT-PAIR DISTRIBUTIONS FOR IN1ERNAL DOSIMETRY

Faw RE and Shultis JK
Nuclear Engineering Department, Kansas State University

Manhattan, Kansas 66S06

ABSTRACT

The purpose of this work is to show how point-pair distance distributions can be combined with
point-kernel techniques to obtain a simple and computationally efficient method for many photon and
electron internal dosimetry problems. The point-pair distribution p(r,T*-S) for a source organ or tissue S and
a target organ or tissue T is the distribution function for distances r separating randomly selected point pairs
in regions T and S. The point-pair distribution is closely related to the geometry factor g(r,T«-S), the
fraction of all rays of length r originating in region S that end in region T. Methods are developed for using
point-pair distributions hi conjunction with point kernels in the evaluation of absorbed doses when source and
target organs or regions are present in homogeneous attenuating media and radiation emitters are uniformly
distributed in the source region. Point-pair distributions are illustrated for a number of geometries. For
simple geometries, these distributions are computed analytically. For more complex shapes, Monte Carlo
methods are used. Example distributions are illustrated for use in gamma-ray dosimetry involving organs such
as the thyroid and bladder wall and for use in electron dosimetry involving source and target regions at the
cellular level. Absorbed fraction calculations are illustrated for monoenergetic photon and electron sources.
For photons, point kernels are based on ENDF/B-VI interaction coefficients and geometric-progression
buildup factors. For electrons, point kernels are based on Berger's scaled point source distribution function.

INTRODUCTION

Calculation of the absorbed dose at a point or averaged over some region can be accomplished with a
simple one-dimensional integration involving only two functions if three conditions are satisfied. These
conditions are (1) the source and target regions are part of a medium with uniform interaction coefficients,
(2) the source and target regions are sufficiently far removed from the influence of boundaries that the
medium can be modeled as an infinite homogeneous medium, and (3) all source radiation is emitted
isotropically.

For any medium and any type of radiation, the absorbed dose rate at some target position r, due to
an isotropic point source of unit activity at location r, is given by the point kernel (or Green's function)
G(r,,r,). This kernel can then be used to calculate the average absorbed dose rate (e.g., MeV g"1) in some
arbitrary target volume V, caused by radiation sources Q(r,) (e.g., cm"3 s"1) distributed throughout an arbitrary
source volume V, as

i * /•

(1)S) = ± f d v f dVs Qirt) p(r,) G(rt,rt).
mt

Here p(rt) is the density at position r, and m, is the mass of the target volume. The specification of the source
and target regions is quite arbitrary; they may be identical, totally separated, or even overlapping.

If the medium is homogeneous and infinite in extent or the presence of heterogeneities and
boundaries have negligible effect, the point kernel G depends only on the source-to-detector distance
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r = |r, - r,| and the six-fold integral of Eq. (1) can be reduced to a single one-dimensional integral! Suppose
that the origin for the integral over V, is taken as r, and a spherical coordinate system is used as is illustrated
in Fig. 1. That part of the volume in a spherical shell of radii r and r + dr that is contained within the target
is given by r'drO^r.r,), where n,(r>ri) is t o e so^d angle subtended at r, by all points in V, that are distance r
from r,. Equation (1) for an infinite homogeneous medium then reduces to

ZX7VS) = 1 / dVs Q(O f * r2Gir)Qt(r,rg),
vt v, 0

(2)

where V, is just m,/p. If the source Q is now assumed to be uniformly distributed in V,, then changing the
order of integration gives the dose in the form of the one-dimensional integral

D(T~S) = QVsf dr G{r)p(r,T~S),
0

where the point-pair distance distribution p(r,T«-S) arises formally as

p(r,T~S) - - L

(3)

(4)
V

The distribution p(r,T«-S)dr can be interpreted as the probability that the separation between a point
randomly and uniformly selected in S and a similarly selected point in T is within dr about r. This
distribution is independent of which region is identified as the source region; consequently, p has the
symmetry property

p(r,T~S) = (5)

Source region

Target region

Fig. 1. Geometry for calculating the dose in a target region T from a uniform volumetric source in region S.
The area A, represents all those points in T that are a distance r = | r,-r, | from the point r, in S. Thus, rays
of length r that are emitted isotropically at r, within the solid angle fi, = A,/r2wil] terminate in T.
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A slightly different formulation can be obtained by introducing the geometry factor

g(r,T-S) =± f dVs ̂ p^ = -%-. p(r,7V5), (6)

which can be interpreted as the fraction of all rays of length r emitted isotropicaUy in V, that terminate in V,.
In terms of the geometry factor, the average dose rate in region V, is

y °°
D(T~S) = 4nQ - * j dr r2 G(r) g{r,T-S). O)

Because of the symmetry of p(r,T«-S), the geometry factor has the following symmetry property for
interchanging the source and target regions:

Vsg(r,T~S) = Vtg(rf-T). (8)

With this result, the average absorbed dose rate can be expressed alternatively as

oo

D(T~S) = 4nQ fdr r2 G(r) g(r£~T). (9)
J0

This result holds even if the target volume collapses to a point, whereas Eq. (7) requires that V, > 0.

ABSORBED FRACTION AND REDUCTION FACTOR

In many dosimetry problems, especially those which involve point or semi-infinite volumes for the
source or target regions, it is convenient to calculate a normalized dose rate which removes the effect of the
source strength. Two such normalized dose rates are the absorbed fraction and the reduction factor. These
concepts are developed here for monoenergetic sources, but the generalization to polyenergetic sources is
straightforward.

ABSORBED FRACTION

The absorbed fraction <f)(T*-S) is defined as the fraction of the energy released from the source that
is absorbed in the target, namely,

EQV,

where E is the radiation energy emitted and Qlol = QV,is the total emission rate (s~]) in the source region.
From Eqs. (7) and (9) the absorbed fraction can be computed as

1
Z?E (drr2 G(r) g(r,T^
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Gif) g{rJS-T) (lib)

*- f dr G(r) pir,T-S). ( l l c)
- 0

The specific absorbed fraction <P(T*-S) is equal to 4>(T*-S) divided by the target mass. Once the point-pair
distribution p(r,S«-T) or the geometry factor g(r,S«-T) is determined (either analytically or by Monte Carlo
simulation), the above integrals are easily evaluated using numerical quadrature.

Absorbed fractions for monoenergetic gamma-ray sources and targets among the various organs and
tissues of the body have been computed using Monte Carlo techniques and reported by Snyder, Ford, and
Warner (1) and in ICRP Report 23 (2). Extensive tables of age and gender-specific absorbed fractions have
been computed by Cristy and Eckerman (3) who also report electron absorbed fractions for bone marrow and
trabecular bone as source organs and bone marrow as the target organ.

REDUCTION FACTOR

The reduction factor <p(T*-S) (4) is defined as the ratio of the absorbed dose rate in the target region
to the rate at which energy is released per unit mass in the source region, the latter being also the absorbed
dose rate in an infinite medium with the same volumetric source strength as is present in the source volume.
In terms of the absorbed fraction and the average absorbed dose rate, the reduction factor is

D(r-S) = — $(T~S). (12)

When' the source and target are the same, the absorbed fraction and the reduction factor are identical. From
Eq. (12) and the results of Eqs. (8) and (11), the reduction factor is given by

VS) = ^± fdr r2 G(r) g(rf~7) (13a)
E 0

GO) g{r,T~S) (13b)
E V

oo
' sPV* f dr G{r) p(r,T~S).

Again, these integrals are readily evaluated numerically.
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LIMITING SOURCE OR TARGET VOLUMES

It has been assumed that the source and target regions are finite in size. However, in many practical
dosimetry problems the absorbed dose rate in the vicinity of a point (V,-»0) is of interest. In the other
extreme, the target volume may be effectively infinite (e.g., a slab or cylindrical region). Similarly, the source
region may be represented as a point or as an effectively infinite region. For these limiting cases, not all the
above measures of the absorbed dose rate or geometric factors yield finite or non-zero values. In Table 1,
those dosimetric quantities and distributions that yield finite and non-zero values are denoted as "finite". For
the indicated limits of each region in this table, the volume of the other region is assumed to be finite and
non-zero.

There is one special case of practical importance in which both the source and target volume are
infinite, namely, the case of infinitely long line, cylindrical, or cylindrical shell sources with parallel (usually
co-axial) cylindrical target regions. In these cases, the absorbed fraction is defined on a per unit axial-length
basis.

RECIPROCITY PROPERTY

The symmetry property of Eq. (5) for the point-pair distance distribution yields an important relation
between the source and target volumes. If the total emission rate Qlot = QV, is kept constant, then it is seen
from Eq. (3) and the symmetry of p(r,T«-S) that the average dose rate in T from QI0, distributed uniformly in
S is the same as the average dose rate that would occur in S if Qtotwere uniformly distributed throughout T.
In other words D(S«-T) = D(T«-S) when the total source strengths are the same.

The reciprocity result also holds even if one of the regions becomes a point. Thus, the mean dose
rate in T from a point source S with activity Qtot is the same as the absorbed dose rate at S if the same activity
were uniformly distributed throughout T.

Table 1. Point-pair distributions and related functions for limiting
geometries

Quantity

p(r,T-S)

p(r,S-T)

g(r,T-S)

g(r,S-T)

y _» oo

0

0

0

finite

v,-
0

0

finite

0

V.-O"

finite

finite

finite

0

V . - O

finite

finite

0

finite

D(T*-S) finite 0 finite finite

<f>(T*-S) 0 finite 0 finite

<p(T*-S) finite 0 finite oo

aV, collapses to a point, with V,Q = Q ,̂ held constant.
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If the emission rate per unit volume Q, rather that the total emission rate, is kept constant when the
source and target regions are reversed, then the total energy absorption rates VtD(T*-S) and V,D(S«-T) are
seen from Eq. (3) to be equal.

The above results are a consequence of the reciprocity theorem for radiation transport (5) and apply
rigorously whenever the point kernel for the absorbed dose rate has the symmetry property G(r,,r,) = G(rt,r,).
For most media, this symmetry in the point kernel generally does not apply for scattered radiation. However,
it is strictly satisfied in an infinite homogeneous medium or for the unscattered radiation in a heterogeneous
medium in which the interaction coefficients are proportional to the local density.

SUPERPOSITION PROPERTIES

Many dosimetry problems can be modeled by a few regions with simple shapes imbedded in an
infinite medium. For example, a model might consist of several concentric spherical regions for which the
absorbed dose in one spherical shell arising from a source in another is sought. In this case, some simple
properties of the geometry factor can be used to express the needed geometry factor in terms of a more
elementary geometry factor, for example, that for concentric spherical shells. From physical arguments, if A,
B, and C represent any three regions with volumes V,, Vb and V c , one has the multiple-target property

g(rft + C -A) = g{rfi -A) * g(r,C -A). (14)

From the symmetry property for the geometry factor, Eq. (8), and the multiple-target property, on can derive
the following multiple-source property

(Va + Vh) g(r,C-A +B) = Va g{r,C-A) * Vb g(r,C~B). (15)

The recursive use of the superposition and symmetry properties of the geometry factor allows the
geometry factor to be readily evaluated for transfer from any combination of source regions to any
combination of target regions in terms of the geometry factor for exchange between a single pair of regions.

EXTENSION TO NON-UNIFORM AND SURFACE SOURCES

The above formulation for dose analysis is based on uniform volumetric or point sources. However,
the absorbed dose rates arising from other types of sources can also be expressed as one-dimensional integrals
involving appropriate kernels and geometry factors. In this section, three extensions are suggested.

Non-Uniform Volumetric Sources

The preceding treatment for a source volume with a uniformly distributed volumetric source can be
generalized to allow for a variation of the source strength in the source volume. For such a generalization,
the point-pair distance distribution, Eq. (4), and the geometric factor, Eq. (6), must include a weight function
Q(r,)/Qtoe in the integral where Q ,̂ is the total emission rate in the source region. The average absorbed dose
rate in the target volume D(T«-S) is then given by Eqs. (3) or (7) with QV, replaced by Q,,,,. The absorbed
fraction and reduction factor remain unchanged. However, for non-uniform source distributions, the
symmetry in the point-pair distance distribution and the reciprocity results no longer apply.
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Surface Sources

There is one non-uniform source distribution of special importance, namely a uniform source
distribution over a surface. Examples include sources on the skin or on the surface of a cell. The use of
geometry factors to calculate the absorbed dose in another target region can be extended to this case of a
surface source region.

Let the area of the source region S be denoted by A, and the uniform emission rate per unit surface
area by Q. (e.g., cm~2s"'). The average absorbed dose rate in the target region T is given by Eq. (2) with the
integral over the source volume replaced by an integral over all point r.on the surface of S. The point-pair
distance distribution then becomes

pa(r,T~S) = - i - [dA, r2 Qt(r^, (16)
ASVt A.

where p.(r,T«-S)dr is the probability that a point randomly picked in the surface of S is within distances r and
r + dr from a point randomly selected in T. The corresponding geometry factor for a surface source becomes

. ± f dA- i ^ . J L p, (r,r-», (17)

and can be interpreted as the probability a ray of length r that is emitted isotropicaUy from a random point
on the surface of S will end in region T.

With these surface source distributions, the absorbed dose rate in T is then given by Eqs. (3) or (7)
with QV, replaced by the total surface emission rate Q,* = Q.A.. While the reduction factor is not defined
for a surface source, the absorbed fraction does exist and is given by Eq. (10) or (Ha). For surface sources,
the point-pair distance distribution is no longer symmetric with respect to interchange of S and T, and the
relations of Eq. (9) and (lib) cannot be used.

Finally, the case of surface sources can be further generalized to allow sources of varying strength
over the source surface. In this case, evaluation of the geometry factor from Eq. (17) must include a
weighting factor proportional to the source strength in the integral.

Infinite Cylindrical Sources

For many dosimetry problems, the source can be modeled by a line or cylindrical volume source of
effectively infinite length. The dose in some infinite cylindrical region parallel to the source axis or at some
point can again be expressed as a one-dimensional integral involving a scaled line-source kernel and a
geometry factor. This extension to infinite cylindrical geometries is developed later in this paper.

ELECTRON POINT KERNELS

The point kernel G(r) for an isotropic and monoenergetic source at energy E in a prescribed infinite
homogeneous medium may be defined as the mean absorbed dose at distance r from the source per electron
emitted. Early published kernels (6), still in occasional use, were based on moments-method transport
calculations of Spencer (7) and were scaled according to the so-called 90th percentile distance ^ ( E ) , the
distance from a source within which 90 percent of the source electron's energy is absorbed on average. More
recently published point kernels (8) are based on Monte Carlo electron-transport calculations and are scaled
according to the CSDA range ro(E). The dimensionless scaled point kernel F(r/ro,E) is defined in such a way
that G(r), also a function of E, is given by
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G(r) = f F(rlrJ. (18)
4irr 2pr 0

in which designation of the electron energy as an independent variable has been suppressed. An important
consideration in the use of scaled point kernels is that the fraction of the energy E absorbed within radii from
r to r + dr from the source is just (dr/ro)F(r/ro). Although the published kernels are for electrons in H2O
(suitable for tissue), procedures are available to convert the kernels for use with other media (6). To
facilitate calculations for specific radionuclides, one can generate composite point kernels that account for
both the continuous energy spectra of beta particles and the discrete energy spectra of conversion and Auger
electrons (9,10).

For infinite media problems in which there are material discontinuities between (or in) the source
and target regions, the infinite-medium point-kernel techniques can still be used provided all materials have
nearly the same electron range measured in terms of mass thickness pro. Such would be the case for
constituents of the human body. The medium in and around the regions of interest can thus be homogenized
(conceptually), and a point kernel used for the homogenized medium. Alternatively, the point-kernel can be
written in terms of the mass-thickness distance z from the source point, by rewriting F(r/ro) as F(z/(/9ro)),
where pio is an appropriate CSDA mass electron range (which is assumed nearly equal for all materials
involved in the problem). Other methods have also been used to account for discontinuities in material
composition in some geometries. An important example is found in the determination of the dose to the skin
arising from radioactive gases in the atmosphere (11).

GAMMA-RAY POINT KERNELS

The photon point kernel, the expected absorbed dose in an infinite homogeneous medium of density
p at a distance r from a source emitting one photon of energy E, may be calculated as

L (19)

in which yilp and \xjp are respectively the total and energy absorption mass interaction coefficients for
photons of energy E. Explicit identification of E as an independent variable is again suppressed. The buildup
factor B(ur) accounts for the contribution to the absorbed dose from scattered photons. This factor depends
on photon energy and is evaluated as a function of the number of mean free paths along the path of length r.
In the examples to be discussed, \i/p values were taken from the DLC-136 ENDF/B-VI compilation (12) and
\ijp values were taken from the DLC-139 compilation (13). Buildup factors in the geometric progression
approximation were taken from the ANSI/ANS-6.4.3 Draft Standard (14).

GEOMETRY FACTORS FOR SIMPLE GEOMETRIES

For source and target volumes with very simple geometric shapes, the geometry factor g(r,T«-S) (or,
equivalenth/, the point-pair distance distribution) can be calculated analytically. Here geometric factors are
presented for several simple cases. The determination of these distributions is a standard problem in
geometric probability theory (15), and many results can be found in the literature (16,17,18,19). Considerable
attention has been given to the autologous case (S and T are the same region) for which the mean chord
length distribution and the geometry factor are closely related in a convex region (20). The literature is
reviewed and factors for a wide range of geometries are summarized in a NCRP report (16).
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SPHERICAL AND SPHERICAL-SHELL VOLUMES

Concentric Spherical Volumes as Source and Target

Consider two concentric spheres, the smaller with radius R (region S), the larger with radius P
(region T). It can be shown that the geometry factor for the overlapping spheres is given by, for P - R S r S
P + R,

(P2-R2)2
(20)

For r a P + R, g = 0, and, for r £ P - R, g = 1. This result is for a fundamental geometry in
one-dimensional spherical coordinates. From it, using symmetry, reciprocity, and superposition properties,
one may derive point-pair distributions and geometry factors for any combination of concentric spheres or
spherical shells as target and source.

Now suppose that P = R, i.e., that the sphere of radius R is both source S and target T. Equation
(20) then reduces to the following expression that was used by Berger (8):

Spherical Volume and Spherical Shell as Source and Target

Equation (20), along with Eqs. (14) and (15) can be used to obtain point pair distributions or
geometry factors for one region being a sphere and the other a concentric but not necessarily contiguous
spherical shell. They may be used similarly for a spherical shell target region within a spherical source-free
region, itself within an unbounded region with uniform emission rate per unit volume. These functions are
useful in dosimetry problems such as the gamma-ray dose to the bladder wall from sources within the bladder
contents or the beta-particle dose to thyroid follicular cells surrounding spherical colloid source volumes. An
example of the latter is examined below.

INFINITE SLABS AND HALF SPACES

In these examples, which involve one-dimensional Cartesian geometry, regions are infinite in lateral
extent so that the point-pair distributions collapse to zero. However, the geometry factors exist and are
illustrated here.

The Half-Space as Target and a Contiguous Slab as Source

In this example, suppose region S is a homogeneous slab of thickness h containing a uniformly
distributed source. Suppose that the target region T is a half space adjacent to the source region. It can be
shown that
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r/4h,

, rzh.

(22)

This result may be viewed as the fundamental geometry factor for one-dimensional Cartesian coordinates.
From it, using symmetry, reciprocity, and superposition properties, one may derive geometiy factors for any
combination of half spaces and parallel, but not necessarily contiguous, slabs as targets and sources. Two
examples follow:

The Slab as Source and Target

Consider a homogeneous slab of thickness h (region S) containing a uniformly distributed source. In
terms of the basic geometry characterized by Eq. (22), the geometry factor for this autologous case is given by
g(r,S*-S) = 1 - 2g(r,T*-S) where g(r,T«-S) is given by Eq. (22). Thus

(23)

The Half-Space as Target and a Non-Contiguous Slab as Source

In this example, suppose a source slab of thickness h2 - ht (region S) is positioned between distances
hj and h2 from the half space (region T). By making use of Eq. (22) and the multiple-source property of Eq.
(15), one can show that the geometry factor is given by

8(r,T-S) = (24)

2 Ar

0,

Now suppose that the source region is reduced to a plane source at distance z from the half space, i.e., h, =
h2 = z. It follows from Eq. (23) that the geometry factor reduces to

l/2-z/2r, rz z,

0, otherwise.

a result used by Berger (11), along with Eq. (13a), to calculate the reduction factor for a target plane at
distance z from a half-space source.

(25)
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CYLINDERS OF INFINITE LENGTH

Three-Dimensional from Two-Dimensional Geometry Factors

Consider an infinitely long cylinder which encompasses co-axial cylindrical source and target regions.
The cross sections of the regions are non-reentrant but otherwise of arbitrary shape with ymu being the
maximum path length in the cross section plane from source to target. Kellerer (17) has shown that the
geometry factor g(r,T«-S) can be written in terms of a two dimensional geometry factor gc(y,T«-S) defined
for the cross section. Specifically g^.T^-S) is the geometry factor for paths of length y in the plane of the
cross section. The source and target designations in gc(y,T«-S) refer to cross sectional areas of the
three-dimensional sources and targets. Kellerer (17) shows that

g(rtT-S) = I (26)

in which z, = 0 if r S ymiI and (r2 - y ^ ) * if r £ ymtr This construction of the three-dimensional geometry
factor from the two-dimensional geometry factor for the cross section can also be extended to the case of
cylinders of finite length (17). However, only infinitely long cylinders are considered here.

Geometry Factors for Cylindrical and Cylindrical Shell Volumes

Suppose the source S is an infinite circular cylinder of radius A and the target T is a concentric
infinite circular cylinder of radius B a A. It can be shown that, for y > A + B, g,. = 0; for y < B - A, g,. = 1;
and otherwise

cos
B2 Jy2-A2+B2) j4y2B2-(A2-B2-y2)2

A2 lyB 1A2
(27)

This result can be viewed as the fundamental geometiy factor for circular cylinders. From it, using symmetry,
reciprocity, and superposition properties, one may derive geometry factors for any combination of concentric
cylindrical and cylindrical shell regions as source and target regions. For the case of A = B, Eq. (26) reduces
to the following equation, which was given by Coleman (21) and Kellerer (17),

2
it

COS
2A 1A2

(28)

Analogous to the three-dimensional symmetry property of Eq. (8) is the two- dimensional symmetry property
A^tyT^-S) = Ajj,.(y,S«-T) in which A, and A, are respectively the cross sectional areas of the source and
target regions.

Electron Reduction Factor for the Right Circular Cylinder

While the gamma-ray reduction factor could also be calculated, we illustrate only the electron
reduction factor as being more relevant to internal dosimetry problems that may be modeled with infinite
cylinders. Gamma-ray dosimetry problems, which very often need be modeled with finite cylinders, may be
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addressed using the generalization of Eq. (26) for finite cylinders given by Kellerer (17). By making use of
Eq. (13a) for <p(T*-S) and Eq. (18) for G(r)

oo

<P(7VS) = - f dr F( (29)

o '0

Application of Eq. (26) and inversion of the order of integration leads to

1 *"" (30)

0

in which Fc(y/ro) may be thought of as a scaled line kernel having the property that, for an infinitely long line
source of monoenergetic electrons, Fc(y/r0) X dy/ro is the fraction of the electron energy deposited within radii
extending from y to y + dy from the line. The scaled line kernel may be calculated from the scaled point
kernel of Eq. (18) as

(31)

0

Scaled line source kernels are illustrated in Fig. 2 and compared with the point source kernels of Berger (8)
from which they are derived. Electron dosimetry problems involving cylindrical and cylindrical-shell source
and target regions may addressed very efficiently using scaled line-source kernels and two-dimensional
geometry factors for the cylindrical cross sections.

<D

1-MeV electrons

Scaled radius r/r0
Fig. 2. Comparison of the scaled point kernel F(r/ro) and the scaled line kernel Fc(r/ro) for 1-MeV electrons.
The electron range in the continuous slowing down approximation (CSDA) is ro. The mean fraction of
electron energy deposited between distances r and r + dr from a point source or between radial distance r
and r + dr from a line source are given, respectively, by F(r/ro)dr/ro and Fc(r/r0)dr/ro.
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THE SPHERICAL SURFACE SOURCE

Suppose a surface source surrounds a spherical-volume target of radius R. As shown by Sastry et al.
(22), the geometry factor can be written as

Now suppose that the target is a spherical volume of radius R whose center is distance A > 2R from the
center of the spherical surface source, also of radius R. It can be shown that the geometry factor is given by

in which

a-ir-ZA-R)^, (34)

and

*)__. (35)

These results are useful in calculating the average dose to a cell, and to nearby cells, resulting from radiation
sources residing on the surface of any one cell, as would be the case in radioimmunotherapy.

AN EXAMPLE ELECTRON-DOSIMETRY APPLICATION

In many electron and beta-particle dosimetry problems, the source and target .regions can be
represented by simple geometric shapes for which, as has been seen, the point-pair distribution or geometry
factor can be expressed analytically. Even so, it is most often necessary to use numerical integration to
determine the absorbed fraction or reduction factor. An example is given, illustrating the development of
absorbed fractions for thyroid folh'cular cells.

To facilitate the example calculations, the formula for the reduction factor associated with a
monoenergetic electron source of energy E and constant volumetric strength Q (e.g., electrons cm"3 s~') is
summarized in terms of the scaled electron point kernel.

<p(r~S) = — i / dr FirlrJ g(r,T~S) = 1 / dr F(r/rJ g(rJS~7). (36)
r<r» o ro o

The calculations to follow are based on the criterion that the source and receptor are present within a
uniform infinite medium.
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DOSE TO THYROID FOLLICULAR CELLS

Figure 3 illustrates model geometry for evaluation of the electron or beta-particle dose to nuclei of
epithelial cells of any one thyroid follicle from radioiodine in the thyroid [other paper, this symposium].
From Eq. (12), determination of the dose to follicular cell nuclei requires evaluation of 9>(V,«-Vt) or
<£(V,«-V,)and ^(V,*-V5). 0(V3*-V3) is not defined since V3 is infinite. Equations (8), (14), (15), and (20)
readily permit evaluation of g(r,V3*-V,) and g(r,Vj«-V3). Thus, it is most convenient to evaluate y>(V3«-V,)
and <P(V3«-V3) as follows:

(37)

(38)/

Geometry factors, based on dimensions given above, are illustrated in Fig. 4. Reduction factors for
monoenergetic electrons are illustrated in Fig. 5.

3: CELL NUCLEI
TARGET

5: SOURCE REGION BEYOND FOLLICLE

Fig. 3. Geometric model for calculation of electron dose to follicular cell nuclei from electron sources within
colloid volumes of the thyroid. Region 1 is a spherical volume of the colloid within which most of the
radioiodine in the thyroid is held. Region 3 encloses the cell nuclei. Regions 2 and 4 encompass the
follicular epithelium and stroma. Region 5 is a homogeneous region approximating the thyroid follicles
surrounding the one follicle under study. Typical dimensions (|im) for the adult male are A = 135, B = 140,
C = 145, and D = 165. There are two source regions, 1 and 5 and one target region, 3.
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Fig. 4. Geometry factors for calculation of electron dose to follicular cell nuclei from electron sources within
colloid volumes of the thyroid. The factor gCr.V.^-V,) is the fraction of rays of length r which originate in the
colloid volume and end in the region of cell nuclei, both regions being associated with any one follicle. The
factor g(r,Vj«-V3) is the fraction of rays originating in the region of cell nuclei surrounding any one follicle
and end outside that same follicle.

10

Electron energy E (MeV)

Fig. 5. Reduction factors for monoenergetic electron sources to be used in calculation of electron dose to
follicular cell nuclei from electron sources within colloid volumes of the thyroid. With V, representing the
region of the cell nuclei of any one follicle, the factor #>(vj*-V,) applies to sources within the colloid volume
associated with that same follicle and ^>(V3«-V3) applies to sources outside that same follicle and assumed to
be uniformly distributed in the thyroid as a whole.
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EXAMPLE GAMMA-RAY DOSIMETRY APPLICATIONS

Geometric models for these examples are based on the age-dependent anthropomorphic phantoms
used by Cristy and Eckerman (3) in their calculations of gamma-ray specific absorbed fractions for
combinations of 25 source and 27 target organs and tissues. The use of infinite-medium buildup factors for
gamma rays, as described above, would strictly limit the applicability of point-kernels to soft-tissue sources
and targets with no intervening density discontinuities and neglect escape of gamma rays from the phantom.
As will be seen, these limitations may be relaxed in many cases with little consequence and with any errors
being conservative in the prediction of absorbed fractions.

For most organs and tissues of the human phantom, geometries are such that Monte Carlo
calculations are required in the treatment of geometric effects. Calculation of the point-pair distribution is in
most cases far more efficient than calculation of the geometry factor. This is because selection of points
within volumes can be done very efficiently, even using rejection techniques. After two points are selected,
one in the source, one in the target, the distance between points is easily calculated, each distance
contributing to the determination of the point-pair distribution.

DOSE TO THE THYROID FROM INTERNAL SOURCES

The first example is for the thyroid as both source and target. The two equal lobes of the gland are
positioned "between two concentric cylinders and are formed by a cutting surface" (3). Figure 6 illustrates the
point-pair distance distribution for the thyroid gland in the adult. Shown separately are distributions for point
pairs in one lobe and for point pairs, one of which is in one lobe and the other in the other lobe. Also shown
is the composite point-pair distribution for the thyroid as a whole. Figure 7 illustrates age-dependent specific
absorbed fractions as a function of gamma ray energy calculated using point pair distributions along with Eqs.
(lla) and (19). Also shown in the figure are the results of the Cristy and Eckerman calculations (3) which
have been corrected empirically to account for gamma-ray leakage from the phantom.

DOSES TO VARIOUS TARGETS FROM SOURCES IN THE BLADDER

The second example is for the contents of the urinary bladder as a source of gamma rays. Targets
are the bladder wall, the ovaries, and the testes. The source is ellipsoidal in shape. The bladder wall is in the
form of an ellipsoidal shell. The ovaries and testes are ellipsoidal in shape. Figure 8 illustrates point-pair
distributions for the adult subject. The centroid of the urinary bladder is separated from the centroids of the
ovaries and testes by 10.2 and 11.0 cm respectively, as is apparent from the figure. Figure 9 compares results
of this work with age-dependent specific absorbed fractions calculated by Cristy and Eckennan (3) for the
bladder wall.

Use of infinite-medium buildup factors in the calculation of absorbed fractions for the testes as target
is subject to error for the following reason. In Monte Carlo calculations based on a phantom representation
of the human, there is a vacuum interface at the body surface. Gamma rays escape from the body; none
return by reflection. However, infinite-medium buildup factors are based on full reflection. Thus,
point-kernel techniques, relative to Monte Carlo techniques, would be expected to estimate greater doses to
the testes. This is apparent in Fig. 10, where point kernel results are compared with the Monte Carlo results
of Cristv and Eckennan.

324



0.4

Q.

O
"43
JO
*»»

TO

'co
Q.

O

a.

SELF-ABSORPTION IN THYROID

Total

Interlobular

1 2 3 4

Ray length r (cm)

Fig. 6. Point-pair distributions for the adult-male or large adult female thyroid when the thyroid is both
source and target. Shown also are distributions for point pairs entirely within one lobe of the thyroid and for
point pairs, one point of which is in one lobe, the other in the other lobe.
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Fig. 7. Gamma-ray absorbed fractions for the age-dependent thyroid. Data points are based on the reference
calculations carried out by Cristy and Eckerman (1987). Lines are based on point-pair distributions as
illustrated in Fig. 6 and on infinite-medium geometric-progression buildup factors.
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Fig. 9. Age dependent gamma-ray absorbed fractions for the bladder contents as source and bladder wall as
target. Data points are based on the reference calculations carried out by Cristy and Eckerman (1987). Lines
are based or. point-pair distributions as illustrated in Fig. 8 and on infinite-medium geometric-progression
buildup factors.
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CONCLUSION

TTie use of point kernels with point pair distributions or geometry factors greatly simplifies calculation
of absorbed doses in infinite-medium dosimetry problems. Trie method allows separation of geometric and
radiation-transport aspects of problems. Multidimensional integrals over source and geometry volumes may
be reduced to single integrals.

Analytical expressions for geometry factors are available for geometrically symmetric source and
target regions in planar, cylindrical and spherical geometries. Most important, the symmetry and
superposition properties of the geometry factor allow determination of factors for disjointed multi-region
geometries in terms of more fundamental analytically known geometry factors. Even when source and target
regions are so complex in shape that analytical treatment is precluded, the point-pair distribution, from which
the geometry factor is easily found, may be evaluated using simple random-sampling techniques.

In this paper, the essential features and robustness of the geometry-factor method have been stressed.
Example problems demonstrate the power and flexibility of the method.
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DISCUSSION OF PAPERS BY G. AKABANI, C. KWOK, J. POSTON, J. LID, AND R. FAW

ATCHER: The papers presented in this session are quite germane to clinical
radionuclides that are poming into use. In particular, the radioiodines and
radiorheniums with their affinity for thyroid and gut and 90Y, *7Sc, and the
beta-emitting rare earths that have affinity for bone will present calculational
challenges in the near future.

WERNER: Dr. Akabani, I'm wondering if you think there is any value in including
an estimate of the effect on S-values of nonuniformities in the distribution of
sources. Secondly, with regard to the dose to walls of organs, why does the
calculated absorbed fraction not approach the 1/2 that the MIRD people originally
estimated for high energy electrons?

AKABANI: You are considering the wall of the bladder.

WERNER: It was the bladder?

AKABANI: Yes, it was the bladder. In answer to your first question, there are
so many things we need to address as we calculate S-values. As you know my paper
doesn't really take into consideration all those points you just mentioned;
inhomogeneities and distribution of the radioactive material inside the body and
how it is distributed biokinetically, etc. This is just a single step not a big
one. Concerning your second question, the walls of the bladder and the walls of
many other organs are very small, very thin, and electrons with high energies
tend to cross very easily. The assumption used by the MIRD methodology is to
multiply 0.5 by the specific absorbed fraction of the contents of the organ. We
calculated the absorbed fraction to the wall by itself and not the dose or
specific absorbed fraction to the surface of the wall. Therefore, the average
absorbed dose to the wall should be lower than the dose to the surface of the
wall.

WERNER: Are you considering the wall as a final dimension?

AKABANI: Yes, through the MIRD phantom everything has a final dimension.
Hopefully, I answered your question.

WERNER: Yes, you did, thank you.
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CLOUTIER: Dr. Akabani, in your paper you reported that the dose to the bladder
wall was 0.1 of the dose to the bladder contents. I cannot understand why it
should be so low. I can only get it down as low as about 0.3 times the dose to
the contents. If we talk about electrons of 1 MeV with a range of about 0.5 cm,
what is the dose to the center of the bladder contents if the radius of the
contents is greater than 0.5 cm? It is receiving all of the electrons emitted so
it is receiving a full dose. The average dose has to be something less than
that. I have forgotten but I think it is about 60%. Keith, is it close to 60%.

ECKERMAN: I think it is. You have given the origin, the important thing was the
assumption that the dose at the wall was 1/2 the equilibrium dose.

CLOUTIZR: If I take 0.5 of 60%, that only gets me down to about 30% and that is
as low as I can get. Hy question is how do you get as low as 10%?

AKABANI: Well, you are talking about the dose under radiation equivalent
conditions at the center of the sphere. In my calculations I did a full
transport. If I consider the calculations developed for MIRD Pamphlet #11, I get
the same numbers without using electron transport. I did the same calculations
using just the cylinders concerning the lower large intestine without the phantom
and they came to almost the same. This is because the walls are very small.

CLOUTIER: The thickness of the walls should not enter into it.

AKABANI: Not in that scheme but concerning electron transport it does and this
is my main concern.

CLOUTIER: I'd like to have Dr. Kwok do the calculations and see if the dose will
be as low as 10%.

KWOK: I think the issue is the energy of the electron source. If you are
dealing with very low electron energy and the specific absorbed fraction is for
the center of the bladder contents, on the wall you get 1/2 as much activity
irradiating it and no source on the other side. Therefore, you get 1/2 but if
the energy goes up and you don't have good equilibrium then it is not half. It
will be less than 1/2.

CLOUTIER: I'm not sure what you mean by equilibrium because the radionuclide is
uniformly distributed in the bladder contents; therefore, high energy emissions
will occur up to the edge that will hit the bladder wall and we have some high
energy emissions from the center which will just barely reach the wall. I would
like you to do the calculations and see if you can get it as low as 10%.

JOHANNSSON: I also have a question for Dr. Akabani. You didn't say whether the
bladder changes in size as it fills and empties.

AKABANI: You are talking about the dynamic bladder?

JOHANNSSON: Yes.

AKABANI: All my calculations were done in a static bladder. When you decrease
the volume of the bladder the absorbed fraction for the walls will increase
because of the small volume that is contained and when you increase the volume
for the full bladder the absorbed fraction for the walls would be smaller. Some
people at the present moment are working on a dynamic bladder. If I am not
wrong, Mike Stabin is working on a dynamic bladder to calculate absorbed doses to
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the wall, taking into consideration these absorbed fractions. I must say the
value of 0.5 is sometimes an overestimation and sometimes possibly it may be an
underestimation of the real value.

HETHERINGTON: Dr. Kwok, have you considered in your work the situation where
beta-emitting activity is deposited in the bone rather than in the bone marrow?

KWOK: No, I have not. We have just considered the activity in the marrow
cavity.

ECKERMAN: I have a question for Dr. Akabani. One consideration in dealing with
walled organs over the years has been where are the sensitive cells. As you
showed, the dose distribution can be rather steep going into the wall. I think
one has to be a little bit cautious in deciding that he is going to average the
dose entirely over the wall because you may underestimate the cell populations
near the interface.

AKABANI: You are completely correct about that. I leave that to the biologist.

ECKERMAN: I have a couple of comments with regard to the bone dosimetry. I was
pleased that Dr. Kwok's paper gives a handle on the importance of backscatter in
terms of the additional contribution of the marrow cavity. One difficulty that I
found in dealing with bone dosimetry is the structure of trabecular bone. Some
trabecular bone really isn't mineral but the marrow space. When you get to
looking at it, as Dr. Kwok has done, where you calculate the average dose in the
marrow cavity in the particular bone, you end up by putting the skeleton together
as a single estimate of bone. You have to bring into those considerations the
cellularity of the marrow because not all marrow spaces are equally active with
regard to hemopoietic activity. There's a tremendous need for additional
information on the distribution of the active marrow in the body. I think one
has to be very careful in trying to extrapolate what you see with regard to
absorbed fractions in one bone specimen. I was particularly concerned with John
Poston's comment at the end of his paper that based on his calculations from the
iliac crest his values were considerably higher than the ICRP's values for the
average skeleton. At least in our own calculations we have been counting out the
skeletal average values that are lower than the published values in ICRP
publication 30. I think if anything the ICRP values are too high in
contradiction to what John was suggesting.

AKABANI: Dr. Poston is not here; however, as he mentioned, these are preliminary
results. They are not necessarily permanent. Changes can be made according to
information and input that we receive from other people. This model can be
applied for radiation protection but also to nuclear medicine procedures. The
model doesn't really calculate only average absorbed fractions through the
volume, endosteal layer, and bone mineral and marrow cavities, but it can
calculate what we call localized doses and give a distribution of the dose to a
single region of the bone. The model is an improvement in that it is telling us
that the localized dose is important and not the average dose to the specific
bone structure.

BARDIES: I have a couple of questions for all of you in regard to point kernels
with the Monte Carlo codes. Do the new version of Berger's point kernels, I
think it is ETRAN-21, and the version of EGS4 give exactly the same results?

KWOK: I had the privilege of getting dose point kernel's in water from EGS4 and
I also got revised scaled point kernel data from Berger. The two sets of data
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agree very well above 10 kilovolts but below 10 kilovolts they show differences.
Which code is exactly correct we don't know. In fact in my lab we are now
devising some experiments to find out which code agrees better with the data.

FAW: We have looked at the comparison of both the 1973 Berger calculations and
the more recent ones distributed about a year ago. We find similar results to
those Dr. Kwok just reported for the newer versions but the differences are seen
in virtually all comparisons between ETRAN and EGS4. There is a systematic
difference in the way the multiple scattering is treated in the two codes, and
you always get slightly different results.

AKABANI: We have done some studies using another code called ORAC. Wesley Bolch
and I and several students calculated point kernels using this code. This code
was developed at Oak Ridge National Laboratory and has been used widely and
benchmarked. This code has a lower value for transport. It is about 1 eV.

FAW: Let me just specify the ORAC code was developed by Jim Turner's group in
Health and Safety Research at ORNL. ORAC does full transport; it calculates each
and every excitation, ionization, and collision. It is as close to Mother Nature
as you will ever get, but it is strictly for water so the comparisons have to be
done in water.

AKABANI: The point kernels that were produced by ORAC and then compared with
EGS4 match up to 50 keV. Below 50 keV EGS4 does not provide reliable point
kernels in water, if compared with ORAC's point kernels. Therefore, I would
recommend not to use EGS4 to calculate point kernels for energies below 50 keV.

BARDIES: Do you think it would be necessary to use a Monte Carlo code for simple
geometries when with dose point kernels you can allow your people to calculate
almost everything.

AKABANI: The use of point kernels when you have multiple materials is not
accurate.

BARDIES: Obviously if you have different interfaces you have to use Monte Carlo.

AKABANI: That is the only chance you have.

FAW: I tried to demonstrate in cur talk that in many cases the point kernel
technique is much more efficient, but I'll certainly be the first to acknowledge
that you can get into difficulties, particularly where you have to account for
the distance transversed by the secondary electrons as they are slowing down. In
those cases you may need to go to a joint photon-electron transport code, such as
EGS4.

HUI: I realize that Berger's point kernels are based on different transport
calculations. However, the point kernels are for calculating the radiation dose.
My question is how much error can we expect if you use point kernels instead of
electron transport for calculating dose? When should we use electron transport
instead of point kernels?

FAW: I'll only say that I think that the uncertainties from the biokinetics and
from the anatomy are much greater than the uncertainties in the transport
confirmations.
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KWOK: I assume that you were referring to Berger's point kernels obtained before
1973 (i.e., not obtained by Monte Carlo technique). In a homogeneous medium,
Berger's point kernels underestimate the dose near the end of the range compared
with the point kernels derived from electron transport Monte Carlo codes. The
percentage difference increases as the end of the range is reached. In
heterogeneous media the point kernel concept cannot be applied directly, whereas
the Monte Carlo approach can still be applied. There are some clinical
situations when we have to consider low-energy electron deposition such as some
agents which are taken up in the DNA molecules. In that case you have to
consider the very short range of the particles and the deposition pattern.

KWOK: I'd like to ask Dr. Bolch about his presentation. He showed a
transparency of a 1-MeV energy deposition profile in a 0.5 cm sphere. I find a
lot of scatter in the data points obtained by the use of the EGS4 code right near
the origin. What is the cause of this big scatter?

AKABANI: Let me answer that. We divided the sphere into 100 subregions. The
number of interactions that occurred in that specific intershelf was very small.
It is just a statistical variation.

ATCHER: Before we quit I would like to thank Mark Cristy. I was delighted to
hear this morning that not only the age but also the weight of Reference Man is
to be increased so I feel that I now have a new lease on life.
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ABSTRACT

A methodology incorporated into a computer program called SPECTDOSE has
been developed which will allow for the calculation of absorbed doses in tissues
with a nonuniform or uniform radioactivity distribution. This methodology uses
quantitative Single-Photon Emission Computed Tomography (SPECT) to determine the
activity concentration and volume of the source tissues and a Monte Carlo method
to determine the amount of energy deposited in the target and source organs.
Contrary to the standard MIRD approach, SPECTDOSE uses the actual organ and tumor
volumes and activity concentrations from the SPECT image.

Phantom studies were conducted to verify the ability of SPECTDOSE to
evaluate organ and tumor uptake, volumes, and to calculate absorbed doses. The
SPECT measured activity concentration and volume were correlated with the actual
activity concentration and volume with r -» 0.70 and 1.0, respectively. With one
exception SPECTDOSE absorbed doses were larger by an average of 10% over those
calculated by using the MIRD S values.

INTRODUCTION

Before radioimmunotherapy can be implemented successfully, it is necessary
to know the amount of radiation absorbed by the tumor and normal tissues. This
has proved to be difficult because of the lack of appropriate methods to
determine the amount of radiation absorbed; i.e., the absorbed dose deposited by
the radiolabeled antibodies. Current radiation dosimetry methods, which allow
for the calculation of absorbed doses for both target and nontarget tissues,
assume that the radiopharmaceutical is distributed uniformly throughout the
source organ. This assumption is not valid in the case of radioimmunotherapy,
since it has been shown that radiolabeled monoclonal antibodies distribute
nonuniformly throughout a given organ and on tumor cells (1). A methodology has
been developed in this research which will allow for the calculation of absorbed
doses in tissues with a nonuniform (or uniform) distribution of radioactivity.
This methodology is utilized in a computer program called SPECTDOSE to calculate
tissue absorbed doses following the administration of radiolabeled monoclonal
antibodies.
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MATERIALS AND METHODS

This methodology uses Single-Photon Emission Computed Tomography (SPECT) to
determine the radioactive uptake in the source organ tissues and a Monte Carlo
method to determine the amount of energy deposited in the target tissues. The
methodology as shown in Figure 1, is divided into three independent models: 1)
the SPECT Model, 2) the Monte Carlo Model, and 3) the Dosimetry Model. This
division is based on the distinct functions of each model and facilitates
computerizing the methodology.

Organ/Tumor
Biodistribution

Radiolabel
Physics

Figure 1. Research Methodology

SPECT MODEL

The SPECT Model utilizes data from a SPECT image to determine the volume
and activity concentration of the imaged objects or organs. In the computer
program SPECTDOSE, edge detection and contour tracing algorithms were used to
determine the tissue volumes of interest. The SPECT image is divided into sixty-
four planar arrays composed of 64 x 64 elements. Each element of the array
represents an image volume (voxel) at a specified location and contains an
integer value derived from the measured activity in the imaged object. The total
number of voxels and their location, image intensity per voxel, and organ volume
(total number of voxels at a specified location) are determined. The tissue
volumes calculated in this model are utilized in the Monte Carlo Model.
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MONTE CARLO MODEL

A Monte Carlo method was used to calculate the fraction of photon energy
deposited per unit mass of target tissues (specific absorbed fraction). The
computer program ALGAMP is a photon transport code which simulates the physical
behavior of the photon by the use of the statistical nature of radioactivity (2).
In ALGAMP, the human body and organs are represented by a set of mathematical
equations known collectively as the Cristy Parameterized Phantom (3). The
radioactive distribution within each organ was assumed to be uniformly
distributed in the Cristy Parameterized Phantom. In this analysis, ALGAMP was
modified for use by the deletion of the Cristy Parameterized Phantom and the
substitution of a method which permits the direct use of the voxel information
created by the SPECT Model. In the dose calculation, voxel values represent the
radioactivity distribution found in the organs following the deposition of
radiolabeled monoclonal antibodies or radiopharmaceuticals. By use of the SPECT
image voxel information and the Monte Carlo simulation method, the photon energy
deposited per tissue mass, specific absorbed fractions (SAF), can be determined
for each source and target organ volume and voxel. The specific absorbed
fractions were then utilized in the Dosimetry Model.

DOSIMETRY MODEL

The Dosimetry Model combines the specific absorbed fractions with the
source organs' volume and activity concentration determined in the SPECT Model to
calculate the absorbed dose in the target organs. The absorbed dose is
determined both for the organ and organ voxels; i.e., the absorbed dose can be
calculated for each organ voxel as well as for the average dose to the organ.
The Dosimetry Model retained the concepts of the Medical Internal Radiation Dose
Committee (MIRD) Method (4) in addition to accounting for the nonuniform
distribution of radioactivity exhibited in the source organs and organ voxels
following the administration of radiolabeled monoclonal antibodies.

SPECTDOSE PROGRAM

The computer program SPECTDOSE was developed to calculate the necessary
parameters developed from the SPECT Model and Dosimetry Model; i.e., organ
volumes, radioactive concentrations, and absorbed doses. This program was
written in Fortran-77 for a VAX/VMS Operating System and was divided into a
number of subroutines (Figure 2). The main program reads the reconstructed SPECT
image's hexadecimal voxel data into a logical array, where the values (image
count) are scaled between 0-255 intensity levels (gray-levels) and are read into
an integer array. The resulting reconstructed image data are represented as an
integer which has a value between 1 and 256. The image count is corrected for
attenuation and radioactive decay at this point by entering the appropriate
linear attenuation coefficient found tabulated in Cember (5), radionuclide
half-life, and time of observation into the program. The image threshold value
is entered and the subroutine THOLD is called to segment the image into its
constituent objects. This process is repeated for each image slice.

336



Program SPECTDOSE

Subroutine
THOLD

Subroutine
CONTOUR

1

Subroutine
OBJSELECT

Subroutine
FOPEN

1
Subroutine

MENU

Subroutine
SOBJCT

1 1
Subroutine
VOXPIL

Subroutine
CORGAN

1
Subroutine
VOXMAX

Subroutine
DOSE

Figure 2. SPECTDOSE Program Subroutine Flow Chart
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Subroutine THOLD

The subroutine THOLD segments the image into various objects using the
Threshold Segmentation method (6) (Figure 3). The objects are separated from the
background pixels by comparing their intensity values with a global threshold
value; all pixels with an intensity value higher than the threshold are defined
as belonging to the object.

Objects are separated from the background in the
SPECT iEiage using the Threshold Segementation
Method, which is implemented in Subroutine THOLD.

Figure 3. Illustration of Subroutine THOLD
Object Segmentation
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Subroutine CONTOUR

The subroutine CONTOUR extracts the objects from the segmented image
(Figure 4). The extracted object's boundary is traced and the resulting object
is stored in a binary file called OBJECT*. DAT. This process is repeated for all
objc.cs in the segmented image. Each object file is assigned a consecutive
identification number; i.e., Objectl.dat, Object2.dat etc. The extracted
object's characteristics, which included the number of voxels, total count,
maximum and minimum indices, volume, and area, are written to the file,
OBJVAL.DAT.

1

l LT
I]

3

2

2

3

Segmented objects are extracted and separated into
separate files by Subroutine CONTOUR

Figure 4. Subroutine CONTOUR Object Segmentation
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Subroutine OBJSELECT

The subroutine OBJSELECT integrates the extracted objects of each slice
into a single object; i.e., organ. The extracted object that best represents the
shape of the organ of interest is determined. The identification number for the
selected object is entered into the program. The selected object is then
compared with the rest of the objects (Figure 5). If ninety percent of the
object's voxels is the same for each slice as the selected object's voxels, the
object is considered to be apart of the organ of interest. This process is
repeated for all organs of interest. The organ's voxel indices, count, name,
identification number, and volume are stored in the file, VOXEL.DAT.

Select Object 2
for Comparison:

OBJECT

1

SELECTED
OBJECT 2

_J

3

\
4

K-l

Selected objects are compared to the remaining objects
for possible inclusion into one larger object (organ)

Figure 5.

Subroutine Corgan

Illustration of Subroutine OBJSELECT Selected
Object Comparison

The subroutine CORGAN creates an organ given its voxel indices and
identification parameters. Each pixel is assigned an integer value which would
represent the organ volume desired. The number of image slices included in the
organ is also assigned. The organ created is used as a photon reflector or sink;
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i.e., it either scatters or absorbs the incident photons, and represents the
areas of the body not included in the SPECT image. If the whole body were to be
included in the SPECTDOSE Program, it would be necessary to create those areas of
the body not seen in the SPECT images due to the limited field-of-view of the
SPECT camera and the lack of availability of whole body SPECT images. These
areas are created using this subroutine.

Subroutine VOXFIL

Once the organ files are created; i.e., each organ's voxel information has
been stored in a VOXEL.DAT file, the subroutine VOXFIL assembled the data for the
organs (each VOXEL.DAT file) into one larger file called VOXPHAN.DAT. The number
of organs; i.e., the number of VOXEL.DAT files, is entered into the program.
This file contains the voxel indices, image counts, weighting factors,
identification numbers, and the total number of voxels for all organs. The
VOXPHAN.DAT file is read directly by the program ALGAMP.

Subroutine DOSE

This subroutine reads the data file containing the voxel specific absorbed
fractions created by the program ALGAMP to calculate the voxel and organ absorbed
doses utilizing the calculated source organ volumes and activity concentrations.
The absorbed doses are calculated on the basis of the MIRD concept.

Program ALGAMP

This program was written in Fortran and was developed at Oak Ridge National
Laboratory (2). The program is composed of 30 or more subroutines. ALGAMP was
modified for use in this research by deleting the Cristy Phantom Series and the
substitution of a method which would permit the direct use of the voxel
information created by SPECTDOSE. The Cristy Phantom Series was not used because
it assumes a uniform source distribution, which is not valid in the case when
radiolabeled monoclonal antibodies are used; the organs are not patient specific;
and it cannot represent diseased organs, which are often found in nuclear
medicine patients. Since each human is uniquely different, it was the inttnt of
this research to make this dosimetry method patient specific; i.e., the actual
organs of the imaged subject are utilized in the calculation.

Each voxel inherently, at the level of the camera system's resolution,
accounts for the source distribution exhibited in the organs at that level
following the uptake of the radiolabeled monoclonal antibodies. If the activity
is distributed nonuniformly at the level of the camera system's resolution, the
voxels would reflect this and the activity would be assumed to be uniformly
distributed. For this, no additional modifications to ALGAMP would be needed.
Several ALGAMP subroutines (INPUT, SOURCE, SEARCH, GEOM, SUM1, SUM2, RESULT, and
RANPOS) were modified to accommodate the inclusion of the voxel information.

For sources distributed in energy, the cumulative distribution function for
the source energy spectrum is used (2). A detailed cross-section table is
generated for the source energies of interest. Each photon is weighted by a
weighting factor which described the probability of photons existing in a given
voxel. The photon weighting factor is computed for each voxel by dividing the
voxel image count by the average voxel count for a given organ. The source
photon location is chosen by randomly sampling the voxel locations in the
VOXPHAN.DAT file. Photon collisions are scored by determining the voxel location

341



given the photon direction coordinates.. Scoring is tallied for each voxel and
organ.

SPECT Technique

In the studies to verify the methodology, SPECT image acquisition was
acquired on a Technicare Omega 500 (Technicare Corporation, Cleveland, Ohio) with
a medium energy collimator and a 20% peak energy window. A rotation of 360*. 128
projections (2.81° apart), and a study time of 26 minutes (12 s view"1) were
used. Data were acquired on an ADAC DPS-3300 computer (ADAC Laboratories, San
Jose, California) in the 64 x 64 x 16 bit mode (7). The data were prefiltered
using a Gaussian filter of the 24th order and a frequency cutoff of 0.20 (7). The
data were reconstructed using the high resolution reconstruction algorithm (8,9),
with one iteration and a dampening factor of 0.5 (10). Voxel element size was
one pixel in the x and y (transaxial plane) and z direction (parallel to the axis
of rotation). The pixel size was determined by imaging two line sources of a
known distance apart and counting the number of pixels within this distance.
Pixel size will vary from macaine to machine and with different setup conditions
for an individual machine. Data reported in this report utilized pixel sizes of
6.9 mm x 6.9 mm (Threshold Phantom Study) and 8.0 mm x 8.0 mm (Anthropomorphic
Phantom Study).

Threshold Phantom Study

A phantom study using radioactive objects of known volumes was conducted to
determine the threshold value which would result in the SPECTDOSE program
calculating the volume most accurately. Five cylinders of different volumes
(Table 1) were SPECT imaged. The resulting images were read by the program
SPECTDOSE to calculate the phantom volume and activity concentration using
different threshold values. The results were analyzed by linear regression to
determine the correlation between the threshold value, phantom volume, and
activity concentration.

Table 1

Threshold Phantom Study

PHANTOM

1

2

3

4

5

VOLUME (ml)

30.56

438.71

496.17

616.39

6032.50

ACTIVITY (MBq)

1.13

16.28

18.36

22.86

229.33

ACTIVITY

CONC.(MBq/ml)

0.037

0.037

0.037

0.037

0.038

Anthropomorphic Phantom Study

A tissue-equivalent torso phantom developed in-house with liver, spleen,
and tumor inserts was utilized to test the accuracy of the Monte Carlo and
Dosimetry Models under three experimental conditions: 1) activity uniformly
distributed in source organs within a cold background, 2) activity nonuniformly
distributed in source organs within a cold background, and 3) activity
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nonuniformly distributed in organs within a hot background. The tumor insert
(0.26 ml) was placed 12 cm below the liver insert (1200 ml) and the spleen insert
(166 ml) was medially relative to the tumor insert and 2.5 cm below the liver
insert (Figure 6). In the first experiment, the liver (38.5 MBq), spleen (5.7
MBq) and tumor (2.3 MBq) inserts were filled with uniformly distributed m I n
activity and placed inside the torso phantom, which was filled with water with no
radioactivity in it. In the second experiment, the liver (32.5 MBq) and spleen
(4.2 MBq) inserts were filled with m I n and small glass beads (5 mm diameter).
The beads were used to distribute the radioactivity nonuniformly within those
organs. This experiment simulated the condition in which the patient's organ(s)
has a cold (nonradioactive) tumor within it. The nonuniformly distributed
radioactive organs and the uniformly distributed tumor insert were placed in the
cold (nonradioactive) water of the torso phantom and SPECT imaged. The third
experiment consisted of the nonuniformly distributed radioactive liver and spleen
inserts and the uniformly distributed tumor insert from experiment two placed in
the torso phantom which was filled with radioactive water and SPECT imaged.
Indium-Ill (5.8 MBq) was added to the water of the torso phantom. The phantom
for each experiment was SPECT imaged three times and the results were analyzed by
SPECTDOSE. Calculated absorbed doses and specific absorbed fractions were
compared to those found using the computer program, MIRDOSE2 (11) which is a
computerized version of the MIRD methodology.

Calculation of Radiation Dose

Calculation of the absorbed dose was based on the MIRD concept for a
particle originating in the source (s) and depositing its energy in the target
(t). The biological half-life was assumed to be infinite.

Dm = 1.443 TpAo^Ai*1lt'S)

The total absorbed dose, Do (mGy), represents the complete decay to time
infinity. Ao (Bq) is the initial source organ activity. Tp (h) represents the
physical half-life of the radionuclide, A1 (Kg mGy Bq"

1 h"1) is the mean energy
emitted per nuclear transformation, $L (kg"

1) is the specific absorbed fraction
determined by the Monte Carlo Model for the source, target, source-to-target, and
target-to-source organs or organ voxels. Both penetrating and nonpenetrating
radiation are accounted for in the equation by i. The specific absorbed
fractions for nonpenetrating radiation (np) are assumed to be equal to 1/m, where
m — mass of the source organ.
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Figure 6. Anthropomorphic Phantom Study

RESULTS

In the Threshold Phantom Study, threshold values were tested to determine
the best linear correlation between the actual phantom volumes and the SPECT
measured volumes using the standard error of the estimate. A threshold value of
0.52 was determined to have the lowest standard error of the estimate with a
correlation coefficient (R) and coefficient of determination (R2) between the
actual and SPECT measured volumes of 1.00. When a threshold value of 0.52 was
used, a positive correlation was seen between the actual and SPECT measured
volumes (Figure 7). A positive correlation was also seen between the actual
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activity concentration and the SPECT measured activity concentration (Figure 8).
The correlation coefficient between the actual activity concentration and the
SPECT measured activity concentration was 0.70. The enhancement of the object's
boundaries by the Gaussian prefliter, which made segmentation of the SPECT image
easier, may account for the excellent correlation between the actual and SPECT
measured volumes. The poorer correlation between the actual and SPECT measured
activity concentrations was due to the small variation in activity concentration
between each cylinder (0.001 MBq/ml).

10000

1000 --

100 --

5

100 1000 10000

SPECT MEASURED VOLUME (ml)

Figure 7. Threshold Phantom Study: Actual Volume versus
SPECT Measured Volume.
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Figure 8. Threshold Phantom Study: SPECT Measured Activity
Concentration versus Actua] Activity Concentration

The SPECT Model was found to calculate organ volumes to within 15 percent
of the actual volumes. The SPECT Model had a greater degree of uncertainty (30%)
in calculating the smaller volumes. This was due, in part, to the difficulty of
discerning the smaller volumes from the image noise using the Threshold
Segmentation Method. Other image segmentation methods, such as the Gradient and
Histogram methods (12,13), might be used to give a better estimate of the organ
and tumor volumes when computer time and speed is not a concern.

In the process of removing image noise, the Gaussian prefilter removed the
tumor from the images of Experiment One and Two. Although the tumor was seen in
the original, unreconstructed images of these experiments, it was not recovered
after image reconstruction. The SPECT Model determined the volume and activity
concentration for the remaining source organs (liver and spleen) of these two
experiments. In Experiment One, using an average threshold value of 0.53, the
average difference between the actual and SPECT measured volume for the liver was
181 ml and 843 for the spleen (Table 2). The observed trend between the actual
and SPECT measured volumes and activity concentrations was positive and negative
respectively.
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In Experiment Two, the results were similar to those of Experiment One, but
required a higher average threshold value of 0.56. This was due to the increased
scatter of photons caused by the glass beads in the liver and spleen inserts,
which manifested itself as extra image noise. The average SPECT measured volume
was 1110.7 ml for the liver insert and 1091.6 ml for the spleen insert (Table 2).
The SPECT Model underestimated the liver volume by 89 ml, which represents a
standard error of 7.4%, and overestimated the spleen volume considerably (Table
2).

Experiment Three's results were consistent with the previous experiments.
This experiment represented the conditions most often found in nuclear medicine
patients. The activity in the background of the torso phantom represented the
blood pool of the patient and the organ inserts with heterogeneously distributed
activity represented the patient's organ following injection of radiolabeled
monoclonal antibodies. The tumor was seen in the reconstructed images of this
experiment. The average threshold value in this experiment (0.56) increased in
comparison to the two other experiments because of the increased number of
scattered photons within the torso phantom and the smoothed organ edges by the
Gaussian prefilter, which made it difficult to distinguish one organ's edge from
another in the presence of the increased image noise. The SPECT Model
overestimated the volumes for all three inserts in this experiment with the
smallest overestimation occurring for the liver volume (Table 2). The
correlation between the Actual and SPECT measured volume for this experiment was
positive. The correlation between the actual and SPECT measured activity
concentration was negative. The standard deviations for this data also indicated
a negative trend (Table 2). As the actual activity concentration increased, the
SPECT measured activity concentration decreased for this experiment.

To determine what effect the Gaussian prefilter had on the images, the
results of Experiment One and Two were compared to the case in which no Gaussian
prefilter was used. The raw image data for both experiments were reconstructed
without the use of the Gaussian prefilter, which resulted in the appearance of
the tumor in the images of these experiments. The results of this test indicated
that a higher threshold value was required to segment images not using the
Gaussian prefilter and that the Gaussian prefilter successfully removed image
noise. It can also be concluded that the Gaussian prefilter was responsible for
removing the tumor from the images of Experiments One and Two.

The next step in testing the methodology was to test the Monte Carlo Model.
This was done by comparing the specific absorbed fraction (SAF) results of the
Monte Carlo Model with those utilized in the MIRDOSE2 program for Experiment One.
Since the MIRD Method does not calculate SAFs in the nonuniformly distributed
source activity case, results of Experiment Two and Three were not used in this
comparison. The results of this comparison are seen in Table 3, which indicated
that SPECTDOSE would overestimate liver absorbed doses and underestimate spleen
absorbed doses relative to MIRDOSE2 absorbed dose estimates. The greatest
difference was seen for the spleen self-absorption (factor of 3), which was due
to the overestimation of the spleen volume by SPECTDOSE. The results for the
Monte Carlo Model were found by using 10000 photon histories. Using a larger
number of photon histories (60,000), as used to calculate the SAF values for the
MIRDOSE2 program, would produce a smaller difference between the two results
because of the greater certainty in calculating the SAF.
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Exp.

Table 2

Anthropomorphic Phantom Study Results

Exp.*

1

2

3

Liver
Actual
(ml)

1200.0

1200.0

1200.0

Volume
SPECT
(ml)

1019.1
± 107.2

1110.7
± 95.8

1351.7
± 609.0

Spleen
Actual
(ml)

166.3

166.3

166.3

Volume
SPECT
(ml)

1009.5
± 354.6

1091.6
± 212.0

467.5
± 513.5

Liver Activity
Concentration

Actual SPECT
(MBq (MBq
ml"1) ml"1)

1 0.032 0.037

2 0.027 0.037

3 0.026 0.037

Tumor

Volume (ml)

Activity
Concentration (MBq/ml)

Spleen Activity
Concentration

Actual SPECT
(MBq (MBq
ml"1) ml"1)

0.035 0.037

0.025 0.037

0.025 0.036

Actual SPECT

0.26

8.70

13.100

0.035

Exp - Experimental Average Results (N-3)
See text for definition of experiments

Lastly, the Dosimetry Model was tested by comparing absorbed dose results
found using this Model to those found using MIRDOSE2 for the three experiments of
the Anthropomorphic Phantom Study. Again, it must be emphasized that MIRDOSE2 does
not calculate absorbed doses for nonuniformly distributed source activity and makes
the assumption of uniformly distributed source activity. However with SPECTDOSE,
a comparison to assess whether MIRDOSE2 over or under estimates absorbed doses for
nonuniformly distributed source activity could now be tested (Table 4).
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Table 3

Monte Carlo Model Comparison for Experiment One*

.**SOURCE TARGET MONTE CARLO MONTE CARLO* MIRDOSE2*
SAFp (kg'

1) "S"(Gv/BQ-h) «S"(Gv/Bq-h)

Liver Liver 0.1262 6.0 x 10"11 3.5 x 10"11

Liver Spleen 0.0217 3.7 x 10"u 7.6 x 10~13

Spleen Spleen 0.1280 6.1 x 10"u 2.5 x 10"10

Spleen Liver 0.1166 5.8 x 10"11 8.1 x 10"13

t See text for definition of experiments.

* S - (SAF kg-1 x 8.224 x 10"* Kg-rad/>Ci-h)p

+ (1.776 x 10'* kg-rad//jCi-h x SAF (- kg"1)^

SAFnp is assumed equal to I/mass of source organ

** Adapted from MIRD Pamphlet No. 11

In MIRDOSE2, the liver and spleen are used both as organs of source activity
and targets. The liver and spleen residence times, which are required for the
MIRDOSE2 calculation, were calculated by using the organ anterior and posterior
counts determined from planar imaging taken at specific times and then fitting this
data after decay correction to an exponential function by using a subroutine
supplied with the MIRDOSE2 program. In Experiment One, the difference between the
Dosimetry Model and the MIRDOSE2 absorbed dose estimates was 10% for the liver and
4% for the spleen (Table 4). The Dosimetry Model absorbed dose estimate differed
by as much as 3% for the liver and 9% for the spleen in Experiment Two and by as
much as 36% for the liver and 232% for the spleen in Experiment Three (Table 4).
The Dosimetry Model also calculated the absorbed dose for the tumor (1208 mGy) in
Experiment Three, which could not be calculated by MIRDOSE2 which has no mechanism
for calculating tumor doses.

For the uniformly distributed activity case (Experiment 1), the two methods
compared very well; i.e., within one standard deviation. The MIRDOSE2 method
underestimated the absorbed dose in the nonuniform case. These results may be due
in part to the differences in the organ volumes used in the two methods. The
MIRDOSE2 program used the organs of Reference Man, where the liver volume is 1800
ml and the spleen volume is 150 ml (11). Thus, the liver in MIRDOSE2 was larger and
the spleen was smaller than those used by the Dosimetry Model. Since the absorbed
dose was inversely proportional to the mass of the organ (organ density equal to
one), the liver dose was accordingly smaller and the spleen dose larger. However,
as seen in Table 4, the differences in organ volume did not fully account for the
differences found between the absorbed doses for the two methods.
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Table .4

Anthropomorphic Phantom Study Absorbed Dose Results

EXPERIMENT l:f

DM*
Liver
(mGy)

Average**140.7
SD"* ±10.8

EXPERIMENT 2:

DM
Liver
(mGy)

Average 111.4
SD ±5.5

EXPERIMENT 3:

DM
Liver
(mGy)

Average 142.7
SD ±39.5

MIRD0SE2
Liver
(mGy)

128.4

MIRD0SE2
Liver
(mGy)

107.7

MIRD0SE2 DM
Liver Spleen
(mGy) (mGy)

105.0 327.3
± 176.4

DM
Spleen
(mGy)

130.4
±20.8

DM
Spleen
(mGy)

109.5
±13.2

MIRD0SE2
Spleen
(mGy)

DM
Tumor
(mGy)

98.5 1208.2
+ 259.5

MIRDOSE2
Spleen
(mGy)

136.0

MIRD0SE2
Spleen
(mGy)

100.2

MIRD0SE2
Tumor
(mGy)

n/a

**
***

See text for definition of experiments
DM - Dosimetry Model
N - 3
SD - Standard Deviation
n/a - Not applicable (MIRDOSE2 does not calculate tumor

absorbed doses)

DISCUSSION

The methodology proposed in this study provides a means of calculating
absorbed doses for nonuniformly distributed source organ activity using the actual
organs and tumors of the patient. It calculates the specific absorbed fractions and
absorbed doses for those source and target tissues. The program SPECTDOSE
calculates absorbed doses for organs containing nonuniformly distributed source
activity and tumors by using the actual tissue volumes and activity concentrations
from the SPECT image.
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Corrections for photon absorption attenuation (nonlinear) and scatter and the
inclusion of electron transport mechanisms are not accounted for in SPECTDOSE. All
nonpenetrating radiation is assumed to be absorbed in the source organ and the
attenuation is uniform throughout the tissues. Future modifications of SPECTDOSE
will consider these points.

In summary, a foundation was developed for a dosimetry methodology that could
be used to calculate absorbed doses in target and nontarget tissues using uniformly
and nonuniformly distributed activity. This methodology utilizes SPECT and Monte
Carlo simulation in the program SPECTDOSE to calculate organ and voxel absorbed
doses. Initial results indicate that the program, SPECTDOSE is working properly and
the methodology is sound. Patient studies utilizing SPECTDOSE will be reported in
a future manuscript.
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ABSTRACT

For the application of rac' i.o mmunotherapy a set of parameters such as time-
activity curves, the amount of activity concentrated in the tumor and knowledge
of the mathematical model:: for absorbed dose calculations are required.

Applications of nuclear medicine imaging techniques such as the single
photon emission computed tomography (SPECT) technique may improve the
quantitation of regional deposition of antibody labelled radionuclides.
Limitations of SPECT may somehow influence the accuracy of the quantitation.
Some of the limitations may result from configuration of sources. Understanding
of these limitations will hopefully improve appreciation of the in vivo
estimation of absorbed doses.

In this paper, we present results based on phantom work which evaluates the
effect of radiation that originates from neighbouring tissues or organs on the
quantitation of dose in the target organ. Also presented are results to show the
effect of cumulated activity on estimation of volume by SPECT generated data.
Results indicate dependence of the reconstructed counts on spatial configuration
of sources and that volume estimation is a function of activity available in the
tissue.

INTRODUCTION

The success of radioimmunotherapy planning and application is felt to be
dependent on the precision with which dosimetric measurements and calculations
have been made. Various factors that must be considered include the selection of
the radionuclide, the instrumentation used and a variety of patient related
factors including body habitus, radiopharmaceutical clearance, extent of the
disease and concomitant therapy the patient may be receiving.

From the physics standpoint, one of the most important factors in dosimetry
is the measurement of the uptake of radioactivity in the target and/or source
organ, as the dose calculations depend upon its accuracy (1). This represents
the dominant factor upon which the dosimetry calculations for therapy are based.
Therefore an accurate and faithful collection of the data upon which these
calculations are based become paramount in radioimmunotherapy. The generation of
time-activity curves from SPECT data requires a number of tomographic
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acquisitions over a period of time. The cumulated activity A (Bq sec) in an
organ results from the integration of the equation:

A - /A(t) dt

where A(t) is the activity in the organ at any time t (2). However the MIRD
Committee has simplified the above equation in a number of versions according to
a set of assumptions.

Various workers in the field have been engaged in reporting on the
measurements of uptake using planar imaging, conjugate view imaging and recently
single photon emission computed tomography (SPECT) images (3-7). SPECT is known
to have improved contrast and depth resolution which makes this modality a better
means for measuring radioactivity uptake and quantification (8). The single most
important feature of SPECT imaging is its capability to remove, to a great
extent, in the reconstructed planes the overlying and underlying activities from
the organ of interest. SPECT also has been used to quantify volume (9) but not
with the same level of confidence as in CT or MRI. However, quantitation through
SPECT may be influenced by the reconstruction techniques and parameters used
(10-12).

More recently the development of clinical protocols for radioimmunotherapy
has renewed interest in the application of SPECT as a method for quantitating
dose distribution (13). An understanding of SPECT strengths and limitations is
paramount in order to appreciate the output data (14).

In this paper we present results, based on phantom work, which evaluate the
effect of radiation that originates from neighboring tissues or organs on the
quantitation of activity in the target organ. As the exact visualization of
organs or tissues requires knowledge of absolute uptake in each volume element
(voxel) of the structures being examined (15-16), the investigation of the effect
of configuration of sources may provide information as how the geometry of
imaging or distribution of sources influence the reconstructed counts. Some
workers have reported on the effect of source size on visualization of organs
(17). Others have discussed problems related directly to monoclonal uptake and
tissue visualization (18). We opted to investigate visualization of sources of
the same size but of variable activity.

OBJECTIVES

The purpose of this work was: (1) to evaluate a method to quantitate the
uptake in various sources from data acquired from SPECT; (2) to determine if the
configuration of sources influences the estimated uptake of radiopharmaceuticals;
(3) to examine the relationship between the reconstructed counts and the position
of the source off the axis of rotation and the radius of rotation; and (4) to
determine the effect of uptake on the volume estimation.

MATERIALS AND METHODS

Two phantoms were designed to investigate the objectives set earlier and to
determine the extent of interference of radiation from adjacent sources on the
SPECT reconstructed activity in a certain region of interest.
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LINEAR CONFIGURATION PHANTOM

This phantom consists of independent plastic compartments each having a wall
thickness of 1 nn, diameter of 3.5 cm and volume of 30 cc. Compartments are
arranged along a straight line which during SFECT imaging lies along the axis of
rotation. The separation of the radioactive compartments may vary, and in this
study a 5 mm separation between compartments was used (Figure 1).

3.5cm

Figure 1. Linear phantom; fixed volume compartments are individually
each filled with variable amount of radioactivity arranged along a
straight line.

CROSS CONFIGURATION PHANTOM

This phantom consists of a matrix of nine holes that can be filled with
interchangeable sources. All the nine compartments have the same dimensions of
3.5 cm diameter and 140 cc volume and are arranged in a cross configuration, one
compartment at the center and two on each arm (Figure 2). Each source is
referred to as a compartment and can be filled separately.
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Figure 2. Cross configuration phantom; a matrix of nine
compartments each of 3.5 cm diameter and volume of 140 cc
arranged as in the diagram.

Results obtained for this phantom were achieved through:

1. All compartments being filled with the same activity.
2. Compartments were filled with various activities and positioned

in the phantom as in Figure 2. Immediately upon completion of
acquisition, compartments were randomly redistributed in the
phantom and SPECT imaged with the same protocol.

For the same activity, we reconstructed without, correction for attenuation and
with correction. After reconstruction, a region of interest was selected and
counts were extracted from regions of interest which encompassed the whole volume
of each compartment.

ACQUISITION TECHNIQUE AND SYSTEM

Each of the compartments in all phantoms was filled with Technetium-99m-
pertechnetate of a known specific activity. The specific activity was measured
by the dose calibrator immediately before the beginning of acquisition.
Acquisition of SFECT images and data reconstruction and analysis were done on the
ADAC GEnesys SPECT system and 33000 computer. Images were acquired at a
symmetric energy window of 20% centered around the 140 keV photopeak. All
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acquisitions were acquired on a 64 x 64 x 16 matrix with the same protocol
utilizing a low energy collimator and a circular orbit with 64 projections over
360 degrees at 20 sec/projection.

In our investigations we did not employ any scattering or attenuating
medium. For this reason we did not employ any attenuation correction except in
one case. However, attenuation and scatter may occur when projections are such
that other sources may exist interposed between any particular source and the
gamma camera.

RELATIONSHIP OF RECONSTRUCTED COUNTS WITH THE OFF-AXIS OF ROTATION DISTANCE

We investigated the effect of the position of the source with respect to the
axis of rotation of the rotating gamma camera. The experiment was performed such
that the cylindrical source of 3.5 cm diameter and 140 cm volume was placed at
the axis of rotation of the SPECT camera and imaged. This procedure was repeated
for the distances from the axis of rotation of 4, 7, 10 and 13 cm. The camera
detector was always kept at a distance of 29 cm from the axis of rotation. To
minimize the effect of physical decay, the source was filled with 10 mCi of Tc-
99m and frames of 2 sec were acquired each time. All acquisitions were completed
within 14 minutes. The counts were generated by reconstructing the entire volume
of the source with no attenuation correction being applied.

EFFECT OF RADIUS OF ROTATION ON RECONSTRUCTED COUNTS

To investigate the effect of the radius of rotation of the gamma camera on
the reconstructed counts, a source of 140 cm3 volume was placed along the axis of
rotation. SPECT images were obtained for radii of rotation varying between 12.5
cm and 29 cm. To exclude the effect of physical decay, acquisitions of 2
seconds/frame were obtained. Total acquisition time for each radius was 128
seconds with acquisitions for all radii being completed within 15.2 minutes. To
facilitate an acceptable signal to noise ratio for the 2 sec frames, the source
was intentionally filled with a solution of Tc-99m pertechnetate of high
concentration (2.6 MBq/cc). Prior to this test, the error in the center of
rotation was measured for each radius of rotation. Those values were used in the
reconstruction at the corresponding radius.

DATA RECONSTRUCTION AND EXTRACTION

Throughout this work, reconstruction of tomographic planes was carried out
with filtered backprojection using a Butterworth filter of .5 cutoff frequency
and order of 5. Since no scattering medius was used, no attenuation correction
nor scatter correction was applied, however in one case a post processing Chang
attenuation correction was used.

Transverse, sagittal and coronal planes were generated, each of one pixel
thick (0.62 cm). For data presented in this paper, counts were extracted from
the reconstruction of the entire volume of each compartment. Although
reconstructed counts can be extracted from any of the tomographic planes,
emphasis was on extracting data from the transverse planes since these are the
ones most likely to be used in a clinical setting.

356



The selection of regions of interest was such that the central pixel of a
square area of 30 x 30 pixels was positioned at the pixel of maximum intensity.
This was, in most cases, at or very near to the center of the reconstructed
transverse plane of each compartment. The maximal pixel intensity was decided
upon by thresholding (9).

RESULTS

LINEAR PHANTOM

The results obtained for the linear phantom for the range of concentrations
from 2.2 MBq to 23 MBq are presented in Fig. 3. It is evident that a near linear
response of the reconstructed counts to the activity exists in places. Also this
phantom served to estimate the reconstructed cross sectional area for various
activities. Although the physical diameter of all sources is the same (3.5 cm),
the reconstructed diameter differs with the total activity (Fig. 4).
Reconstructed diameters obtained from areas of activity of about 8.9 MBq seems tc
best match the physical diameter. Below this activity objects appear to be of
smaller diameter, above 8.9 MBq produces a larger diameter, however, variations
in reconstructed diameters are less severe for > 8.9 MBq of activity.

Counts
in thousands
20-1

18-

16-

14-

12-

10-

8-

6-

4 -

2 -

0
80 160 240 320 400

Activity (micro Ci)
4S0 560 640

Figure 3. Reconstructed counts of the entire volume of each compartment
in the linear phantom are plotted against its activity.
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Reconstructed Diameter (cm)
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3.75

2.25-

1.50-

0.75-

0.00
160 240 320 400 410 560 640

Activity (micro Ci)

Figure 4. Tha relationship between the reconstructed diameter of the
transverse plane and the activity in the compartment. Notice that all
compartments have the same physical diameter of 3.5 cm.

CROSS CONFIGURATION PHANTOM

Reconstructed counts showed a different response to activity concentrations
than those in the previous phantom. Activities employed in this phantom ranged
from 5.5 MBq to 72 MBq.

The one observation about this phantom that seems to have importance in
absorbed dose calculations is that the value of the reconstructed counts obtained
from sources of equal dimension and concentration (i.e., reconstructed activity
of the same source strength) appear to depend on the relative position of that
source with respect to other sources.

(a) The reconstructed counts differ with the position of the
source, although all sources were of the same activity
(Fig. 5). We performed repeated images of the phantom to
exclude statistical variations (Fig. 6). Most of the
sources produced less than 5.6% variation between
successive acquisitions and each acquisition lasted
approximately 22 minutes.

(b) For sources filled with different activities, results
showed an increase in reconstructed counts versus
activity. The nonlinear response may be due to the
assumed dependency of reconstructed activity en relative
position (Fig. 7). Results for the "ordered" and
"disordered" distribution of the same sources (Fig. 7)
indicated some dependence on where the source exists
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within a configuration of sources. Our findings indicate
that all the sources have demonstrated more than 10%
change in their reconstructed counts when their position
within the configuration was changed.

Counts
in thousand*
15.0 n

13.5 •

12.0-

10.5-

9.0-

7.5-

6.0-

4.5-

3.0-

1.5-

0.0
3 4 5 6 7

Region Of Interest
10

Figure 5. For the cross configuration phantom; reconstructed counts
are plotted against position of the compartments. All compartments
(regions of interest) have the same activity. The solid line is for
reconstruction without attenuation correction, broken line with
attenuation correction. No apparent improvement has been appreciated
as a result of the application of attenuation correction.
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1 102 3 4 5 6 7 S 9

Region Of Interest
Figure 6. Repeated acquisitions for the same activity in all compartments
in cross configuration to rule out statistical variations. No appreciable
variation was recorded for the same region of interest.
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Figure 7. The apparent effect of source configuration on reconstructed
counts is illustrated in this figure. The solid line represents results
obtained from the "Order" configuration, the broken lire from "Disorder"
configuration. All of the sources display > 10% difference in their
reconstructed counts between the "order" and "disorder" configuration.
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EFFECT OF DISTANCE FROM AXIS OF ROTATION ON THE RECONSTRUCTED COUNTS

The counts were generated by reconstructing the entire volume of the source,
no attenuation correction was applied. The results as per the procedure
described earlier, indicated no significant dependence of the reconstructed
counts on the source position with respect to the axis of rotation (Fig. 8).

€o.unts
in thousands
25.0

22.5

20.0

17.5 -

15.0-

12.5-

10.0
0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0

Distance From Axis Of Rotation (cm)
13.5 15.0

Figure 8. To evaluate the effect of distance between the source
and the axis of rotation (AoR) on the reconstructed counts, a
single source was tomographically imaged at various distances
from AoR. No trend of variation has been noticed.

EFFECT OF RADIUS OF ROTATION ON RECONSTRUCTED COUNTS

The results presented in Figure 9 were obtained from reconstruction over the
entire volume of the source. Counts vs radius relationship indicates no
significant variation in counts as the radius of rotation changes.

This result may indicate the independence of the noncircular SPECT in which
the radius of rotation changes during acquisition of the reconstructed counts.
However further work is required to investigate this point with noncirculat
acquisition and scattering medium.

DISCUSSION

Although various workers have reported on different methods of quantitating
radiopharmaceutical uptake in various tissues, SPECT quantitation of uptake and
volume remains a controversial issue. The lack of exact methods for correction
for attenuation and scatter reduces the effectiveness of this approach at least
for the present time. The apparent dependence of SPECT reconstructed activity on
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the relative position of the source with respect to positions of other sources
may be another issue that Bust be considered.
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Figure 9. To examine the effect of radius of rotation (RoR) on the
reconstructed counts, the same source (diameter - 3.5 cm,
volume - 30 cm3) was imaged at various RoRs, no trend of variation
is apparent to influence clinical acquisitions whether in circular
or elliptical orbits.

Our results show that in the setting in which attenuation and scatter are
not factors that:

a) Reconstructed counts may depend on the position of source
within a configuration of sources.

b) Reconstructed dimensions of a source are a function of
the source strength. This finding may be critical in
volume estimation of organs or tissues during a time
interval when the activity in that tissue decays. The
cross sectional area on the reconstructed transverse
plane of an organ depends on the activity that existed in
that tissue at the time of imaging.

As such, the calculation of radiation doses from SPECT data may have
uncertainties especially when calculation of uptake per unit mass is concerned.
CT or MRI will improve these calculations as these modalities may help decide
more accurately the volume of distribution in the organs or tissues independent
of radiopharmaceutical uptake. Despite the opinion of some investigators who
feel that volume measurement utilizing anatomical techniques such as CT or MRI
are not necessary (19), the recent applications of fusion imaging are meant to
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overcome some of these limitations and as such improve the quantitation of dose
distribution (20, 21). Further study to determine how various other factors
including attenuation, scatter, energy and biological half-time affect
quantitation with SPECT is required.
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DISCUSSION OF PAPERS BY L. WILSON AND A. JABIR

HARPER: This question is to either or both of the speakers. How do you plan to
deal with the heterogeneous attenuation encountered in a human body when you do
this kind of reconstruction?

JABIR: As far as I know there is no real development in the attenuation
correction. There are two common methods now. The best of them is the Jung
attenuation, and it has its own limitations.

WILSON: Another method of attenuation correction is to use a CT image to image
the patient beforehand, gather your attenuation values and then use that image
along with your SPECT image to correct for attenuation. The problem that you
find there is an alignment problem. Usually when the patient is imaged in the CT
setting it is different from that of the nuclear medicine scan. Ljundberg of
Sweden has developed an attenuation correction method for SPECT that may prove to
be an improvement.

BRILL: I just wanted to comment on this attenuation correction business.
Quantitation with PET is difficult. With SPECT it is very difficult. We must
correct for the various sources of distributions that affect ganuna camera
performance if we are to do quantitative SPECT imaging. Transmission scanning at
all angles not only permits one to correct for attenuation, but it also is a way
to correct for defects in camera performance with angle of head. The Bellini
method of attenuation correction has been a big improvement in the work being
done at the University of Massachusetts by Dr. King and his co-workers. The
rejection of scatter is very important if edge detection is to be effective in
determining organ volume. It seems that the use of information on tumor size
from CT (as the New York Hospital (Sgouras et al) and Johns Hopkins (Leichner,
etc.) are doing, or the use of 2D and 3D edge detection (as King et al are
pursuing), will be needed to get good results in quantitating tumor volume
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accurately. The work you are presenting shows many of the problems and some of
the ways of approaching these tasks. You are to be commended for these efforts.

WILSON: I agree totally. Quantitative SPECT is not without its problems and the
efforts by those you mentioned are definitely warranted. This area is very
developmental and as we move forward in the future more sophisticated methods
will be developed.

HETHERINGTON: I have a question for Dr. Wilson. Although MIRD0SE2 cannot be
used to estimate the dose to the tumors, from the knowledge you have regarding
their size and activity uptake, it should be possible to estimate the dose using
some of the older HIRD data. Have you tried to do this?

WILSON: Yes, I have used the MIRD method and geometric factor method to make
estimates of tumor doses. In some instances the MIRDOSE II is more accurate. In
the homogeneous case I would say it is a more appropriate method; in terms of the
nonuniformly distributed activity I think my method Is more appropriate. In
comparison with my method, the results were comparable, since the tumor phantom
had uniformly distributed activity.
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SPECIAL ASPECTS OF POSITRON DOSIMETRY

Harper PV and Lathrop KA
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Chicago, Illinois 60637

ABSTRACT

While positron dosimetry does not differ fundamentally from that of other
emitters, the fact that all positron decays result in the majority of the emitted
energy being deposited within a very few millimeters of its point of origin
requires special consideration. Since this energy is deposited within the body
the radiation absorbed dose per microcurie hour is, in general, much greater than
that from the usual agents used in nuclear medicine which are deliberately chosen
to have relatively little particle radiation. Consequently, the use of positron
emitters is more or less limited to materials with short effective half lives.
Fortunately there are a number of such nuclides, among them 82Br, 75 s; 150, 2 m;
13N, 10 m; n C , 20 m; 68Ga, 68 m; 75Br, 97 m; and 18F, 108 m, which can be
incorporated into biologic or xenobiotic materials. It turns out that in some
cases very substantial quantities (many 10's of mCi), of such agents may be
administered without exceeding acceptable radiation absorbed doses when these
materials are widely dispersed in the body. Detailed human biodistribution data,
accounting for all the administered radioactivity, which are required for such
calculations have not in general been available in the literature. In addition,
the routes of administration and excretion receive high radiation exposures. For
example, with an IV administration the vessel wall may be exposed briefly to an
extremely high radionuclide concentration and also, the entire IV dose passes
through the lung before being dispersed through the body. Administration by
inhalation, as with C0150, may result in substantial exposure to upper airways,
and the interface dosimetry required to estimate such effects goes beyond MIRD
methods. Studies of these situations are required in order to devise strategies
for minimizing the radiation exposures when using positron emitting agents.

INTRODUCTION

The basic principles of positron dosimetry, i.e., determination of the
energy absorbed per unit mass of tissue, does not differ from that for any other
ionizing radiation. However, the intrinsic properties of the useful positron
emitters change much of the emphasis en a number of the aspects of the
measurements and calculations required.

The principle radionuclides used in nuclear medicine (e.g. Tc-99m, Ga-67,
In-111, and 1-123) have particle radiations which carry little or negligible
energy whereas positron emitters have a greater portion of the energy coining from
the positrions themselves and occur within millimeters of the point of origin,
with little or none of this portion of the emitted energy escaping from the body.
The annihilation radiation, of course, can be treated as with any gamma emitter.
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As a result of this, the values of the radiation absorbed dose rates from
particle radiation may be extraordinarily high compared with those usually
encountered. The principal consequence of this is that only materials with short
effective half lives can be used clinically in order to keep the radiation
exposure within reasonable limits. Fortunately, the useful positron emitters
have for the most part very short physical half lives: 82Rb, 75 s; 150, 2 m; 13N,
10 m; U C , 20 m; 68Ga, 68 m; 18F, 118 m; 75Br, 97 m.

INTRAVENOUS ADMINISTRATION

When these materials are dispersed in the body, the total specific energy
absorption can be quite low. Particularly in the case of I50, many tens of
millicuries can be and are administered without exceeding reasonable absorbed
doses. However, when such large doses are administered intravenously, for
instance, over periods of a few seconds, it matters little whether the half life
is short or long as far as the radiation exposures to the site of injection and
the vein wall are concerned (1). Furthermore, before being dissipated through
the body the entire intravenous dose passes through the lungs which consequently
receive a disproportionately large radiation absorbed dose. Several strategies,
or more appropriately tactics, suggest themselves for reducing the vein exposure.
Dilution of the injectate to a larger volume gives a lower concentration of
emitter, but the resulting larger bolus volume takes correspondingly longer to
traverse the vein, so that the overall exposure is essentially unchanged.
Increasing the flow of blood through the arm by warming would result in greater
dilution of the injected material due to the dilated blood vessels, and the
exposure time would be reduced by the more rapid blood flow. Administration of
the injection into a centrally placed catheter into a large venous channel would
reduce the radiation exposure to the vein wall. Dividing the injection between
several injection sites would accomplish a similar result. Determining the
actual radiation absorbed dose in a given situation requires measurement of the
rate of movement of the radioactive bolus through the vein, estimation of the
vessel diameter, and bolus length (1). This permits calculation of the
concentration of the nuclide and the exposure time for the vein wall. These
measurements need not be made with the positron emitter itself. The same
information can be obtained using conventional materials labeled with 99mTc such
as DTPA, albumin, or labeled erythrocytes imaged in dynamic mode with an ordinary
gamma camera. Some care is necessary to simulate the properties of the agent
carrying the positron emitter to avoid possible confounding of the measurements
due to adherence of the material to the vein wall in a manner different from that
of the positron emitting agent.

POSITRON DEPTH DOSES

Since the positrons emitted in the vein content will penetrate the vein wall
and expose the surrounding tissues to some extent (1), it is desirable to
calculate the depth-dose curves, and this will be true elsewhere In the body
where the agent may be concentrated as, for instance, the bladder. This
calculation is based on the point source dose distribution or kernel, whose
values must be integrated over the volume containing the emitter and the
surrounding tissue volume. For these purposes positrons and beta-minus particles
are for practical purposes equivalent. It need hardly be mentioned that the
radiation absorbed dose from the particle radiation depends on the concentration
of the emitter rather than the quantity. Application of standard Monte Carlo
methods are not, in general, possible in this situation since the particles
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undergo many thousand interactions before their energy is reduced to thermal
levels and the knowledge of the various interaction cross sections required does
not exist. Various approximations have been used, such as the constant slowing
down approximation (CSDA), and a number of mathematical expressions have been
proposed to describe the configuration of the kernel. To integrate the point
source function over a given volume requires an astronomical number of
calculations and the problem can be reduced in dimensions (2) by reducing the
point source dose distribution to a line source and then filling the volume in
question with an array of line source segments spaced at appropriately close
intervals. This permits relatively easy calculations of depth-dose curves from
any desired activity configuration. All of these considerations have been
previously presented and are discussed in great detail in a dissertation by
Gregory Powell (2), Department of Radiology, University of Chicago.

The substantial radiation exposures to injection sites may, hopefully, be of
little significance. The permissible exposure for radiation workers of 75 rads
per year to hands and forearms provides some guidance in this consideration.
Exposure to upper arms from particle radiation originating in veins presumably
would be affecting similar tissues as in the hands and forearms since such
radiation would not reach sensitive tissue, such as humeral bone marrow.

DECAY IN TRANSIT

A further consideration with short-lived agents, where the half life is
short compared to the time of localization in the body, is the fact that the
amount of administered activity will be reduced substantially by physical decay
before it reaches the body organs. For example, less activity than that injected
into an arm vein will localize in the kidney and, hence the radiation absorbed
dose will be less. This will be affected by the injection profile and make
quantitation of the radiation absorbed dose more difficult. The problem may be
dealt with by rapidly injecting a known quantity of the agent, i.e., an impulse
injection. For instance, 82Rb (3) may be eluted from a generator and assayed in
a syringe. It is then allowed to decay to the desired level (required time can
be calculated), and then injected in 1 to 2 seconds into an intravenous line. The
resultant time-activity curve over the kidney then represents an impulse-response
curve. The kidney time-activity curve for any desired injection profile can then
be calculated by convolution of the impulse-response time-activity curve with the
injection-profile curve, and the resulting residence times and radiation absorbed
dose can be determined.

ADMINISTRATION BY INHALATION

Administration by inhalation of a compound such as C0150 (1,2), may result
in substantial exposure to the upper air ways. This raises the problem of
interface dosimetry which can be handled as stated above using line source
segments. It was found to be important in the case of the trachea to use a
geometrically realistic model. Pressing the trachea flat and assuming that all
the contained activity was then in a plane between the flattened tracheal walls
resulted in a substantial overestimation of the surface dose to the tracheal
mucosa. This problem is addressed in detail in Powell's dissertation (2) and
calculations were confirmed by measurements with thin (50 micrometer) LiF
dosimeters.

368



BIODISTRIBUTION

The Radiation Internal Dose Information Center in Oak Ridge has been
receiving an increasing number of requests for aid and advice concerning
determination of radiation absorbed dose estimates in human subjects. Obviously
with UC, 13N, 150 and 18F as labels a virtually unlimited number of biological and
xenobiotic compounds become available. Each of these has its own particular
biodistribution pattern which must be determined in humans if radiation absorbed
dose estimates are to be calculated. Preliminary distribution studies in animals
are of course necessary and constitute the principal data base that exists.
There are a plethora of suitable studies. However, most investigators stop at
this point and proceed with clinical studies. This is unfortunate since the
extrapolation of data from animals to humans carries uncertainties which can
become substantial with differences in metabolic pathways between species,
especially with new uninvestigated compounds.

With the availability of PET devices such studies are certainly possible
(4). The radionuclide content of the principal sites of localization, the
remainder of the body and the excreta can be determined and should add up to 100%
of the injected activity when corrected for physical decay throughout the
observation period. Accounting for 100% of the activity in this manner provides
an internal validation of the measurements.

Few studies exist where serious, comprehensive distribution measurements of
positron emitters in human subjects have been carried out with radiation absorbed
dose estimates in mind. Partial studies exist, usually for organs of principal
exposure or of particular interest to the investigator. Bladder activity
measured by external probe (5) gives a curve proportional to the bladder activity
content. Integration of this curve and comparison with the urine activity
content after voiding, permits normalization of the probe curve to give a percent
dose versus time curve in the bladder. Bladder dose can then be calculated using
a suitable model (2,6,7). This approach using an internal "standard" is useful
but limited in application.

A huge number of investigations of localization in various organs exist but
are expressed as counts versus time or some similar relative number with no
concern for activity in other parts of the body. Even the absorbed dose from
F-18-2-FDG, probably the most widely used agent at the present time, has only
recently (8) received close scrutiny from a comprehensive point of view. I feel
strongly that if an investigator is concerned about the radiation absorbed dose
to his subjects, he should take the trouble to make such measurements in humans
because the methods are available. This is particularly true for widely used
agents and it is one of the goals of the MIRD Committee to encourage
investigators to carry out such studies, and to collect and publish the resulting
data.
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ABSTRACT

Positron emission tomography (PET) has been used to measure tissue
radiotracer concentration in vivo. Radiochemical distribution can be determined
with compartmental model analysis. A two compartment model describes the
kinetics of N-13 ammonia (13NH3) in the myocardium. The model consists of a
vascular space, Q1( and a space for

 13NH3 bound within the tissue, Q2.
Differential equations for the model can be written:

X(t) = AX(t)+ BU{t) (D
Y{t)= CX(t)+ DU(t)

where X(t) is a column vector [Qi(t); Q2(t)], U(t) is the arterial input activity
measured from the left ventricular blood pool, and Y(t) is the measured tissue
activity using PET. Matrices A,B,C, and D are dependent on physiological
parameters describing the kinetics of 13NH3 in the myocardium. Estimated
parameter matrices in Equation 1 have been validated in dog experiments by
measuring myocardial perfusion with dynamic PET scanning and intravenous
injection of 13NH3. Tracer concentrations for each compartment can be calculated
by direct integration of Equation 1. If the cellular level distribution of each
compartment is known, the concentration of tracer within the intracellular and
extracellular space can be determined. Applications of this type of modeling
include parameter estimation for measurement of physiological processes, organ
level dosimetry, and determination of cellular radiotracer distribution.

INTRODUCTION

Positron emission tomography (PET) is capable of quantitatively measuring
radiotracer tissue concentration in vivo. Several authors have used this to
determine organ dosimetry. Ott (1) used 1-124 to determine thyroid dose and
volume estimates for subsequent 1-131 therapy. Jones (2) used PET scanning to
calculate whole body radiation dosimetry of [F-18]-2-fluoro-2-deoxyglucose (FDG)
in man. Kearfott (3) used C-ll dimethyloxazolidinedione (DM0) in humans to
determine both radiation dosimetry and regional brain tissue pH in vivo. To our
knowledge, absorbed doses on the cellular level have not been estimated from
compartmental biodistributions determined by quantitative PET imaging.
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Dynamic PET scanning with compartmental model analysis can be used to
calculate radionuclide concentrations in physiological compartments. This
technique may be applied to parameter estimation for measuring physiological
processes, organ-level dosimetry, and determining cellular-level radiotracer
distribution.

METHODS

As an example, we will analyze a tracer kinetic model for N-13 ammonia
(13NH3) calculation of myocardial blood flow and discuss the implications of
using the model for estimating cellular level dosimetry. The compartmental
model, shown in Figure 1, describes the kinetics of 13NH3 in the myocardium.

SPF

RMBF RMBF

Figure 1. Two-compartment kinetic model for 13NH3 blood
flow. RMBF is regional myocardial blood flow
(ml/min/g); Qx and Q2 represent N-13 activity in free and
trapped space, respectively, (MBq/ml): V is volume of
distribution for the free space (ml/g); kx is the forward
rate constant (ml/min/g); K2 is the reverse rate constant
(min"1); and SPF is the blood-pool-to-myocardium spillover
fraction. The arterial blood concentration, Ca(t),
represents the model input function, U(t).
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The model consists of a vascular space, Qx (MBq/ml), and a space for
 13NH3 bound

within the tissue, Q2 (MBq/ral). Parameters include RMBF, the regional myocardial
blood flow; SPF, the unidirectional blood pool to tissue spillover factor which
accounts for a limited spatial resolution of the PET scanner; kx (ml/min/g) and
K2 (min"

1), the kinetic transport constants between the compartments; and V
(ml/g), the tracer volume of distribution within the free space.

Differential equations for the model can be written:

X(t) = AX{t)+ BU{t) (1)
Y(C)= CX(t)+ DU(t)

where X(t) is a column vector [Qi(t); Q2(t)], B is a column vector [RMBF; 0] , C
is a row vector [11], D is a scalar [SPF], and t is a time variable (min). U(t)
is the arterial input activity (MBq/ml) measured from the left ventricular blood
pool time-activity curve following intravenous injection of 13NH3, and Y(t) is
the measured tissue activity using PET. Matrix A is given by:

(RMBF+kJ
A,V

4i -K,
(2)

Examination of Equation 1 shows a total of five unknown parameters, RMBF,
ka, V, K2, and SPF. Evaluation of all unknown parameters from the dynamic PET
scan time-activity data is limited both practically and theoretically; therefore,
it is necessary to determine relationships between the parameters which allow us
to reduce the number of unknown variables in Equation 1.

The forward rate constant, klf can be related to RMBF by:

, _ RMBF*E i o\
*1= UE) ( }

where E is the myocardial extraction of 13NH3 (4). Myocardial
 13NH3 extraction,

E, has been shown by Schelbert (5) to be related to RMBF by the equation:

E= 1 - 0.607*e(-1-25''/MBjr) (4

Combining equations 3 and 4 yields:

l] (5)

Endo (6) showed evidence that the free space volume of distribution for 13NH3 is
approximately 2.4-4.4 ml/g. Thie (7) has shown that by using phase analysis of
the first time derivative of total tissue activity, dQ(t)/dt, and the input
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function, U(t), the actual volume of distribution, V, can be calculated.
However, noise in the input data limits the ability to assess dQ(t)/dt.

K2 effects due to
 13NH3 metabolism and backdiffusion of the tracer are

minimal (i.e. K2 - 0) during the initial period following injection, whereas RMBF
and SPF dominate the myocardial 13NH3 kinetics (8). Krivokapich (9) showed less
than 5% metabolism of 13NH3 to glutamine within 90 sees in isolated perfused
rabbit myocardium. Figure 2 shows the effect of varying K2 in equation 1 on the
estimated tissue activity given an input function U(t)-Ca(£) and RMBF-1.0
ml/min/g. Note that in the initial 60-90 sec, the tissue curves show minimal
variation with increasing K2 value.

2.5

2.0 -

u
5 1.0-

-0.5
0.0 50. 100. 150. 200. 250. 300. 350. 400. 450. 500. 550.

TIME (SK)

Figure 2. Representative myocardial time-activity curves.
The total tissue activity, Y(t), which is obtained from
region of interest analysis of the PET images, represents
the sum Q1(t)+Q2(t)+SPF«Ca(t) according to Equation 1.
Ca(t) is the arterial input function, U(t), derived from
the left ventricular blood pool time-activity curve.
Activity is in relative units.

Smith and Wu (8) estimated the effects of inaccurate assumptions of K2 and
V on the final calculated value for RMBF by generating synthetic tissu ; activity
data from known values of RMBF, V, K2, and U(t) . Within the expected range of
each parameter, the effect on the calculated RMBF is small. In this study, V was
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fixed equal to 0.8 ml/g based on kinetics previously reported for rabbit septum
(9). From Figure 3, less than a 5% error in the calculated RMBF is expected due
to underestimating V. We also assumed K2 to be 0 over the initial 90 sec of PET
scan data acquisition. This assumption is validated in the simulated data
analysis outlined in Figure 4 which shows less than 8% error in RMBF calculation
due to inaccurate assumptions of K2.

Calculated Flow vs.
Volume of Distribution

1.2

1.1

Calculated Flow (ml/min/g)

0.9

0,8

0.7

0.6

0.5

Actual Flow

0.5 1 1.5 2 2.5 3 3.5

Model Volume of Distribution (ml/g)
Actual Volume of Distribution - 0.2 - 3.0

Figure 3. Calculated RMBF vs. Volume of Distribution.
Using synthetic data, the true volume of distribution,
Vactuai, was varied from 0.2-3.0 ml/g (• - 0.2 ml/g,
+ - 0.8 ml/g; X - 1.5 ml/g; 0 - 3.0 ml/g). Effects of
inaccurate assumption of V in the model was then tested
by calculating RMBF for each set of synthetic data over
a similar range of V. RMBFactu(ll was fixed at 1.0 ml/min/g.
In the worst case, Vactual-0.2 ml/min/g and V-3.0 ml/min/g,
the error in calculated RMBF is -8%.
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Calculated Flow vs. Estimated K2
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Figure 4. Calculated RMBF vs. K2. To test the effects
of N-13 ammonia metabolism on the RMBF calculation, the
estimated k2 was varied from 0 to 1.0 min'

1. Actual RMBF
was 1.0 ml/min/g. The error in calculated RMBF was less
than 5% for K2<0.5 min*

1.

With this information, RMBF and SPF can be estimated from the initial 90
sec of dynamic image data with K2 fixed at 0. The value for K2 can then be
determined from the late tissue washout data with &MBF and SPF fixed at that
determined from the initial 90 seconds. Therefore, the model calculations are
reduced from five unknown parameters to only two (RMBF and SPF) during the
initial phase, and one (K2) during the late phase of imaging. These
modifications allow implementation of either a maximum likelihood or a non-linear
least squares algorithm to estimate each parameter.
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RESULTS AND DISCUSSION

This method has been validated using a canine model to calculate RMBF
during both myocardial ischemia and drug induced hyperemia (10). RMBF estimates
correlate well with microsphere measurements showing a linear relationship with a
slope of 0.94 (r - 0.96). In patients, RMBF estimates agree well with known
values both at rest (0.6-1.0 nl/min/g) and following dipyridantole induced stress
(2.0-4.0 ml/min/g). In a series of human volunteers, RMBF correlated closely
with myocardial work load (11) . Preliminary data of K2 estimates in man
demonstrate a value of 0-0.2/inin at rest and 0.2-0.5/min during dipyridamole
induced stress.

Figure 5 shows the results of the maximum likelihood estimation for RMBF
and K2 on a patient referred to our center for evaluation of ischemic heart
disease. Dynamic PET images were obtained following intravenous injection of 690
MBq N-13 ammonia at rest and 370 MBq N-13 ammonia following administration of
dipyridamole (0.56 mg/kg), a pharmacologic stress agsnt. Visual interpretation
of the images suggested normal perfusion in the lateral wall of the heart, but
decreased flow in the anterior wall consistent with stress induced ischemia.
Analysis of the normal lateral wall time-activity curves with the maximum
likelihood estimation routine, gave a resting RMBF of 0.60 ml/min/g (Figure 5a)
which increased following dipyridamole stress to 2.83 ml/min/g (Figure 5b).
Visual inspection of the curves in Figure 5a and 5b show an increase in the
tissue activity relative to the blood pool activity from rest to stress
reflecting the increase in RMBF. K2 calculated from the later time activity data
in the same region increased from 0.10/min at rest (Figure 5c) to 0.+8/min during
stress (Figure 5d).

Analysis of time-activity curves from an ischemic anterior wall
demonstrated a resting RMBF of 0.31 ml/min/g (Figure 6a) which increased
following dipyridamole to 0.96 ml/min/g (Figure 6b). Note the difference in
myocardial tissue activity relative to the blood pool activity in the normal
stress segment (Figure 5b) compared to the ischemic stress segment (Figure 6b).
The increase in flow even in an ischemic segment of the myocardium is likely due
to collateral flow from non-diseased coronary arteries. Interestingly, in the
ischemic segment, K2 decreased from 1.84/min at rest (Figure 6c) to 1.04/min
following dipyridamole stress (Figure 6d). Whether this decrease in K2 is due to
decreased metabolism of the N-13 ammonia tracer is still uncertain. All curves
in Figures 5 and 6 are corrected for radioactive decay in order to determine the
physiologic response of the system, and do not represent true activity in the
tissue.
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Figure 5. Estimates of RMBF, SPF, and k2 are obtained by fitting model derived
values for Y(t) to the PET measured values according to Equation 1 given the
arterial input function, U(t)-Ca(t). RMBF and SPF are estimated using the
initial 120 seconds of activity data assuming K2 effects are negligible during
this time, and K2 is calculated from later data by fixing the values of both RMBF
and SPF. This figure shows the model fit to the PET measured data for normal
myocardium at rest (5a and 5b), and during stress (5c and 5d). In each graph.
the solid line ( ) is the input function, U(t), the dashed line ( )
represents the PET measured myocardial tissue activity, Y(t), and the dash-dor
line (——-) is the best fit of the model estimated activity to the raasured PET
tissue activity.
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Figure 6. The time-activity curves for ischemic myocardium show a different
uptake pattern than normal tissue. Ischemic myocardium demonstrates similar N-13
ammonia uptake kinetics at rest (6a and 6b) to normal myocardium, but markedly
reduced uptake during pharmacologically induced stress (6c and 6d). All graphs
are shown with the same format as in Figure 5.
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Once the equation parameters are identified, individual compartment tracer
concentrations can be determined by either numerical integration or analytical
solution of Equation 1. Using Laplace transform analysis of Equation 1, the
quantity of tracer in each compartment can be written:

(6)

where

h

and Ka = k^/V, f - RMBF/V

The symbol ® represents the convolution operator. That is

F(t)®G(t)=fV(T)G(t-t)dt (8)
Jo

Using Equation 6 and decay corrected data from Figures 5 and 6, estimates
of the total tissue activity in each compartment can be calculated. Correction
is made for the spillover factor, SPF, in order to estimate only Qi(t) and Q 2(t).
In Figure 7, Y(t) represents the sum Qa(t) + Q 2(t), for normal myocardium and
ischemic tissue respectively. Again, the curves in Figure 7 are corrected for
radioactive decay.

If the relationship between the model space and the physiologic space is
known, true cellular level tracer concentrations can be determined. For example,
if the contributions of Q : and Q 2 to true extracellular space are known to be at
and az, respectively, and their contributions to true extracellular space are
J^ and B>2, respectively, the measured PET tissue activity concentration can be
written:

(t) +o2£?2 (t) 'eurtxffcei.2u.Zar

ntracellular.

(9)

where the top row now represents extracellular tracer concentration and the
bottom row is the intracellular tracer activity. Y*(t) represents the total
tissue tracer activity measured with PET corrected for spillover. Note that both
a and £ have units of volume Q space per volume tissue and are therefore
dimensionless fractions ranging from 0 to 1.
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Figure 7. Once the model parameters, RMBF, SPF, and k2
are known, the total tissue activity can be broken down
into contributions from each compartment according to
Equation 6. Q^t) represents the free space activity and
Qz(t) is the trapped space activity within the myocardium.
The difference in the measured tissue activity, Y(t), minus
the total compartmental activity, Q1(t)+Q2(t), is the detected
activity due to spillover effects in the PET images. Applying
the appropriate physical radioactive decay factors and
integrating each curve gives the cumulative activity for
microdosimetry calculations.

For N-13 ammonia, it is likely that Qx is completely extracellular (i.e.
aj-1, fij-0), whereas Q2 is most likely totally intracellular (i.e. a2-0, &z-l).
The curves in Figure 7 demonstrate estimates of Qx(t) and Q2(t) given these
assumptions, correcting for physical decay of the radiotracer. Calculation of
cumulative tracer activity for each compartment is performed by applying the
appropriate decay correction factor to each data point in Y*(t), extrapolating
the curves from the final measured time point assuming infinite biological half-
time, and integrating from t-0 to t - <*>:
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J./•,.<«.* <10)

Jo

where A is a column vector [ Aj ; A2 ] representing the cumulative activity
for each compartment. Note the units for cumulated activity here are MBq»min/ml.
Dosimetry estimates to the tissue must therefore be normalized to both the total
injected dose and the volume of the tissue of interest.

This method assumes similar characteristics of physiologic uptake and
metabolism of both N-13 ammonia and its metabolites as well as uniform
distribution of tracer activity within each compartment. Metabolism of the
tracer will result in errors in the calculated values of the estimated
parameters. For N-13 ammonia in man, the metabolites glutamine and glutamate
appear to have similar physiologic characteristics as ammonia itself (12). Non-
uniform distribution of tracer within the visualized tissue will result in
inaccurate calculation of the microscopic level tissue activity, unless the row
dimension of the Y*(t) matrix is modified to reflect the number of actual
compartments within the tissue.

This technique also assumes accurate correction for known sources of error
in PET quantification including those from tissue-to-blood spillover, partial
volume effects, PET/well counter calibration, and attenuation. Currently these
factors are accounted for by using either phantom data or other imaging
modalities such as X-ray computed tomography, magnetic resonance imaging, or
ultrasound, to provide detected activity versus true activity correction
coefficients. A full discussion of these effects is beyond the scope of this
paper, but can be found in most current reference material on PET (13).

With these assumptions and corrections, the technique outlined in this
paper offers a measure of the global average intracellular and extracellular
activity concentration within a defined image region. As shown by Stubbs (14),
this data allows microdosimetry calculations for short range particle emitting
tracers. This is potentially valuable in clinical practice for dosimetry
estimates of radioimmunotherapy drugs provided positron analogues of those agents
can be produced.

The above discussion has demonstrated the potential of using dynamic PET
scanning to determine tissue time-activity curves in vivo following injection of
a positron emitting radiopharmaceutical. Analysis of these curves yields
information regarding organ level dosimetry. Numerical solutions to the tissue
time-activity curves with compartmental modeling yields quantitative estimates of
physiological parameters. By combining the parametric information with the model
differential equations, it is possible to determine cellular level time activity
data and microdosimetry estimates.
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ABSTRACT

The kinetic parameters of a compartmental model, describing the biokinetics
of nitrogen-13 labeled ammonia (13NH3) in human cardiac tissue, have been
estimated from dynamic PET scans. Equations describing the temporal behavior of
the 13NH3 in the intra- and extracellular spaces were derived from this model.
Integration of these equations, coupled with the energy density (keV/unit
volume), yield a cumulative measure of the total energy deposition in the intra-
and extracellular spaces. The energy density was derived from a previously
published point kernel. Thus a direct calculation of the cellular level absorbed
dose, based on patient-specific dynamic PET scan data, was possible. Using the
nuclear mass fraction for cardiac tissue, we estimated the nuclear absorbed dose
for normal and ischemic cardiac tissue at rest and under stress. The mean number
of "hits" in the nuclei was estimated and from this number, the percentage of
cardiac cells inactivated (Cell Kill, or CK Index) can be estimated. This
technique has promise for treatment planning in radioimmunotherapy and for
palliative therapy in bone cancer. Using quantitative imaging (e.g., PET or
SPECT), single-tissue kinetic modeling and calculations of regional tissue-
specific energy depositions for other radiopharmaceuticals, it may be possible to
estimate the cellular-level effectiveness of radionuclide therapy via calculation
of the CK Index.

INTRODUCTION

As nuclear medicine has developed, it has evolved from a generally
diagnostic specialty to more recently one with several new therapeutic
procedures. Thyroid treatments with iodine-131 were one of the few therapy
applications of nuclear medicine in its early days. Currently, there are several
new therapeutic applications including rhenium (Re-186 and Re-188 HEDP) (1) and
samarium (Sm-153 EDTMP) (2) labeled diphosphonates as well as 1-131 and Y-90
labeled monoclonal antibodies (3,4). For these radiopharmaceuticals to become
more commonly used in nuclear medicine treatments, it may be desirable to develop
patient-specific absorbed dose treatment planning regimens as currently used in
radiation oncology.

The presently accepted methodology for estimating absorbed dose from
internally deposited radiopharmaceuticals is the MIRD formalism. The MIRD

385



formalism assumes a uniform distribution of the radiopharmaceutical in the target
organs (5). While this is a reasonable assumption in many case's, it is often a
poor approximation in such cases as monoclonal antibodies in solid tumors and
diphosphonates in metastatic or primary bone cancer (6). This assumption is not
strictly true even in cases of diagnostic perfusion tracers in organs where
regional perfusion defects exist, such as N-13 ammonia distribution in myocardial
ischemia.

This paper presents the general idea of using dynamic quantitative imaging,
tissue-level compartment models and an appropriate small-scale dosimetric
calculational technique to estimate the absorbed dose and energy depositions at
the cellular level. One application for this technique is the absorbed dose
estimation for nonuniformly distributed radiopharmaceuticals. This method may
serve as a starting point for future prospective treatment planning schemes to be
used in radtoimmunotherapy and bone cancer pain management.

GENERAL THEORY

For the treatment of cancerous lesions with radiopharmaceuticals, one
typically uses radionuclides that decay by emission of particulate radiation such
as alp'rva-, beta- or Auger electron-emitters. These particles have short ranges
and h • ?,h linear energy transfer (LET). Because several of these particles have
ranges on the same order of magnitude as some cellular dimensions, it may be
necessary to account for differing intracellular and extracellular (and perhaps
nuclear) radionuclide concentrations. Therefore, the basic elements of the
proposed treatment planning regimen should include determination of the temporal
variation of the retained activity in an organ (or subregions of an organ), a
method for determining cellular level radiopharmaceutical concentrations and a
model depicting cellular geometry.

One of the principal elements in estimating the absorbed dose in an organ
is knowledge of the cumulated activity (A) or residence time (T). This
information can be obtained from the time-activity curve representing the uptake,
retention and washout of the radiopharmaceutical from the organ. When the data
regarding organ retention are in the units of activity (MBq) or
fraction/percentage of the injected activity (% or fraction), integrating a time-
activity curve will yield the cumulated activity and residence time,
respectively. There are several methods of obtaining time-activity curves:
serial sacrifice of test animals, biopsy and scintigraphic imaging. In patients,
the only realistic option, scintigraphic imaging, can be used to construct time-
activity curves given sufficiently careful calibration processes. Three-
dimensional scintigraphic imaging technologies, positron emission tomography
(PET) or single photon emission computed tomography (SPECT), will yield
quantitative measures of the retention of radiopharmaceuticals at a given time.
Quantitative data describing the temporal variation of organ retention can be
obtained from the use of these imaging modalities in a dynamic fashion.

The spatial resolution of PET and SPECT imaging modalities is presently
larger than 1 millimeter. Therefore, it is impossible to directly measure the
intracellular, extracellular and nuclear radiopharmaceutical concentrations. A
compartmental model describing the temporal variation in activity levels of a
given organ, with compartments representing physiological pools, can allow for
the calculation of the concentrations of interest. Analytic solutions for simple
model representations and numerical solutions for more complicated models are

386



easily performed with a software package (7) such as the SAAM (Simulation,
Analysis and Modeling) code available free of charge (see the appendix for
address).

Knowledge of some cellular parameters (e.g., cellular dimensions, packing
fractions, etc.,) and of the kinetic behavior of the compound in the intra- and
extracellular space may allow estimation of radiation dose quantities which go
beyond the average organ dose. The use of available point kernels for electrons
(8) or photons (9) in well defined geometries permits the description of the
spatial dependence of the absorbed dose over the so-called "small scale"
(hundreds of micrometers to millimeters). Further considerations, such as
cellular geometry and the linear energy transfer of the radiations (10), allow
for the characterization of the radiation dose in microdosimetric quantities.
The individual problem will determine which method will be most appropriate to
describe the deposition of energy within the target region. If the particle
range is large for a given radiation type relative to the largest dimension of
the target, the spatial distribution of energy will be relatively uniform
throughout the target region, and an average absorbed dose may be the appropriate
quantity. If the radionuclide is nonuniformly distributed over distances
comparable to the range of the primary particles emitted, then characterization
of the radiation field in space may be very important, and if very small cellular
structures are thought to be critical, stochastic variables may be needed to
describe the interaction probabilities.

When "small-scale" energy deposition is important, knowledge of the amounts
of energy deposited in the intra- and extracellular spaces and nuclear volume is
critical. The fraction of extracellular decay energy absorbed in intracellular
space and the fraction of intracellular decay energy absorbed in intracellular
space are defined here as t and S, respectively. The implicit assumption is that
extracellular energy deposition does not contribute to cell damage or death. Two
similar quantities, corresponding to the fractional intra- and extracellular
energy deposition from radionuclides bound to cell surfaces may also be needed.

EXAMPLE

To illustrate this methodology, a simple example will be demonstrated.
This example uses N-13 ammonia as a cardiac perfusion agent and PET for the
quantitative imaging modality. The two compartment model shown in Figure 1 was
used to describe the intracellular, extracellular and arterial concentrations of
the N-13 ammonia (11). The previous paper (12) in this Symposium Proceedings
details the development and solution for this simple model.

The imaging protocol started with an intravenous, injection of 740 MBq (20
mCi) N-13-labeled ammonia (13NH3) . Patients were scanned for 21 minutes; 12
images of 10 seconds in duration, 4 images of 30 seconds in duration, 2 images of
60 seconds in duration and finally one 15-minute dynamic image. Multiple
regions-of-interest (ROIs) were drawn in the myocardium and one ROI drawn in the
left ventricle (LV). Time-activity curves were generated for the myocardium and
the arterial concentrations from these ROIs. These curves were used as input for
maximum likelihood analysed using the myocardial 13NH3 concentration
compartmental model (11,12). The maximum likelihood algorithm iteratively
calculated the patient-specific kinetic parameters SPF, k-, and K2. From these
parameters, the time-dependent extracellular, intracellular and arterial 13NH3
concentrations were determined (Q1; Q2 and Ca(t), respectively). The three
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variables above were combined with the appropriate cellular geometry model and
then integrated temporally to yield cumulative energy deposition (per gram) in
the myocardium. Multiplying this number by At for the N-13 positron resulted in
the absorbed dose contribution from positrons only of 0.016 mGy/MBq (0.060
rad/mCi). The additional dose from the annihilation photons is 0.0021 mGy/MBq
(0.0079 rad/mCi)(13).

RMBF

Qtf)

SPF
_ 1

Q

V

Q

RMBF

Figure 1. Two compartment model for N-13
ammonia blood blow. RMBF is the regional
myocardial blood flow (ml/min/g); Qx and
Q2 represent the free and fixed space N-13
activity (MBq/ml), respectively; V is the
volume of distribution for the free space
(ml/g); kr is the forward rate constant
(ml/min/g); K2 is the reverse rate constant
(min"1); and SPF is the blood pool to
myocardium spillover faction. The arterial
blood concentration, Ca(t), represents the
model input function U(t).

The range of an average N-13 positron (13) is about 0.155 cm (14). This
the true positron pathlength; as shown by Turner (15), the actual particle
penetration depth away from the site of origin may be only about half this much
on average (due to the tortuosity of the particle path). This distance is still
about ten times larger than the largest cell dimension (80 pm). Therefore, an
average dose to the heart wall will be adequate to describe the deposition of

i s
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energy within this target region. The mean free path of the 0.511 MeV photons is
approximately 10 centimeters (16).

The myocardial cells were assumed to be cylindrical in shape (80 urn long
and 16 (im in diameter) with a resultant volume of 1.61 x 10"8 cm3 (17). The
nucleus occupied 14.7% of the cellular volume, or 2.36 x 10'9 cm3, and the
extracellular space was approximately 1% of the cardiac tissue volume(17). The
radius of the nucleus, which was assumed to be spherical, was 8.26 x 10~* cm.
The cardiac tissue volume was assumed to be approximately 90% myocardium and 10%
vascular tissue (18) with the total mass of the heart equal to 316 grams (19).
The total number of myocardial cells is (304 ml)/(l.61E-08 ml/cell) - 1.89E+10
cells. This assumes myocardial cells have unit density. All myocardial cells
are assumed to be arranged in parallel arrays.

The track length of a positron of 0.49 MeV (average energy from 13N decay)
is about 0.155 cm, or 1550 /jm (14). A representative cross sectional volume per
track for interaction of one positron with a nucleus is:

( 1 , 5 5 0 urn) IT ( 8 . 2 6 urn)2 - 3 . 3 2 x 1 0 5 /an3

- 2 . 3 2 x 1 0 ' 7 cm3

If we imagine one track in a nominal volume of 1 cm3, the probability of a
nucleus being hit given a track density of one track/cm3 is just this cross
sectional volume divided by the total volume of 1 cm3, or just 3.32 x 10"7. The
total energy deposited in this unit volume (assuming unit density) along this one
track from an average energy positron is:

0.49 MeV 1.6 x 10"6 erg g-cGy cGy
. . 7.84 x 10"9

1 g MeV 100 erg track/cm3

Based on an assumed administered activity of 740 MBq per study, a
calculated average positron dose to the heart wall of 0.016 mGy/MBq and the above
value of absorbed dose per track per cm3, we estimate the number of tracks per
cubic centimeter in the heart wall:

740 MBq/study • 0.016 mGy/MBq - 1.20 cGy/study

1.20 cGy/study tracks/cm3

= 1.53 x 108

7.84 x 10"9 cGy/(track/cm3) study

The average number of hits per nucleus Is the probability per track per cm3

multiplied by the number of tracks per cm3:

(1.53 x 108 tracks/cm3). (3.32 x 10~7 (tracks/cm3)"1) - 51

The average nucleus receives about 51 hits from an average study. The probability
of a nucleus receiving a specified number of hits is then given by the Poisson
distribution (Eq. 6), discussed in the Results section, with a mean of 51.
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RESULTS

Nitrogen-13 labeled ammonia perfusion scans were obtained in several patients.
We will present the data of one patient who had predominately normal myocardial
perfusion except for a large region of ischemia upon pharmacologically induced (i.v.
persantine) stress. Smith et al (12) have shown that the extracellular
concentration of 13NH3 is substantially lower than the intracellular concentration.
Values for the parameters of the compartmental model are listed in Table 1.

Table 1

Parameters of Myocardial Perfusion Model

Region Description
(1/min)

SPF

Resting, normal perfusion
Stress, normal perfusion
Resting, ischemic
Stress, ischemic

7.34
4.42
28.50
4.86

0.10
0.48
1.84
1.02

0.46
0.58
0.47
0.44

As the range of the positron is much smaller than any dimensions of the ROls
used, it is appropriate to calculate absorbed doses, from the positrons only, in
regions of the myocardium corresponding to volumes contained in the ROIs.
Calculation of the absorbed dose to a region (corresponding to a specific ROI) of
the heart wall was performed by the appropriate integration, over all time, of the
cellular level concentration:

J> Eq. 1

D(7)

Where:
— regional heart wall absorbed dose from 13N positrons
- heart wall absorbed dose from the 511 keV gammas

<f>% - 1.0 - positron absorbed fraction in heart wall
<\>z - 0.0632 - (0.20 kg"1-0.316 kg) - 511 keV photon absorbed

fraction in heart wall
Ax — 28.4 g«cGy/MBq»hr - positron energy per transition
A2 =58.9 g«cGy/MBq»hr - 511 keV photon energy per transition
a = 1.67E-02 (MBq«hr/g) per (MBq«min/ml), units conversion

The value of 0.20 kg"1 is the specific absorbed fraction for 511 keV photons
when the heart wall is both source and target organs (20). The result of the
integration, multiplied by the units conversion factor (a), is the cumulative
activity per gram of target tissue. Results of these dcae estimates for normal and
ischemic myocardium, at rest and under stress, are listed in Table 2. For the data
in this table, the values of e and 6 are equal to unity.
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Table 2

Cellular-Level Cumulative Activities and Absorbed Doses

Region Description

Resting, normal perfusion
Stress, normal perfusion
Resting, ischemic
Stress, ischemic

After determining the regional heart wall absorbed dose, it was possible to
estimate the mean energy absorbed in the cardiac tissue (in that specific region
of tissue) at several levels: myocardium, single myocardial cell and single
nucleus. The energy absorption results (from the positrons only) was computed on
a per MBq basis. The following equation gives the mean regional energy
deposition in the myocardium:

(«Ci«min/g)
0.071
0.24
0.14
0.20

(uCi«min/p)
2.48
1.87
1.20
0.99

cGy
1.20
0.96
0.61
0.54

Ehe«t (MeV/MBq) - D(/3+) (cGy) • (0.01 J.kg'VcGy) • (6.242E+12 MeV/J)
•(316 g/heart).(0.001 kg/g)»(0.90)/(740 MBq)

(MeV/MBq) - D(0+) (cGy/MBq) «2.40E+07 (MeV/MBq) Eq. 3

The factor of 0.90 found in equation 3 corrected for the volume of the
heart composed of nonvascular tissue. The mean energy deposited in a single
myocardial cell was found by dividing the mean energy deposited in the heart by
the total number of myocardial cells. An estimate of the mean energy deposited
in a nucleus, in this region of myocardium, was simply 14.7% of the mean
myocardial cell energy deposition.

E c e U (MeV/MBq) - EhMrt'(l heart/1.89E+10 cells) Eq. 4

(MeV/MBq) - 5.29E-ll-Eheart (MeV/MBq)

eus (MeV/MBq) - (0.147) .EC8ll Eq. 5

As described above, the mean number of nuclear "hits" per millicurie
administered, n, is equal to the product of the number of positron tracks per
cubic centimeter and the nuclear hit probability given one positron track per
cubic centimeter. It is worth restating that the mean number of hits describes
the number of positrons whose paths intersect a cell's nuclear membrane and not
the interaction of the positron (or its ionization products) with the DNA
material. Because of the random nature of both the emission direction and
subsequent path of the positrons, the number of "hits" that a given nucleus will
receive can be described by a Poisson distribution with a mean of n. By knowing
the number of hits that inactivate the cell, xd, one can estimate the fraction of
cells killed (Cell Kill Index) by the appropriate summation of a Poisson
distribution with a mean of fi (Eq. 6).
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Poisson: P(xd) - 1 -
x-0

Eq. 6
x!

The absorbed dose to normal and ischemic myocardium, at rest and stressed,
from both photon and positrons are listed in Table 3. Also listed in Table 3 is
the mean number of nuclear hits per study. The amount of energy deposited in the
myocardium, a myocardial cell and a myocardial cell nucleus for both normal and
ischemic segments of the heart, at rest and stressed, are listed in Table 4.

Table 3

Results of cellular-level dosimetry calculations for N-13 ammonia perfusion
scan in normal and ischemic heart tissue segments of one patient.

Positron
511 keV
Total

Nuclear
Hits/study

Absorbed Dose
(cGy/study)

Normal
Resting Stress

1.2
0.15
1.4

51

0.96
0.13
1.1

42

Table 4

Ischemic
Resting Stress

0.61
0.080
0.69

51

0.54
0.071
0.61

42

Results of cellular-level energy deposition calculations for N-13 ammonia
perfusion scan in normal and ischemic heart tissue segments of one patient.

Absorbed Energy
(keV/MBq)

Normal Ischemic
Resting Stress Resting Stress

?heart
Ec»ll
'-'nuclaus

3.08E+10
1.62
0.24

2.55E+10
1.35
0.20

1.62E+09
0.86
0.13

1.44E+09
0.76
0.11

DISCUSSION

We have developed a method of estimating the energy depositions in tissues,
at a small scale, using dynamic quantitative imaging, tissue distribution
compartmental modeling and an appropriate paradigm for modeling microdosimetry.
With this paper we have introduced a noninvasive, in vivo method of
characterizing the absorbed doses and energy depositions at microscopic and
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macroscopic levels. This method can be used in a prospective manner by
administering a tracer dose of the radiolabeled compound and performing the
microdosimetric analysis on the data obtained from this administered dose.

The estimation of absorbed dose at the suborgan and cellular levels has
been modeled frequently. Host of the cellular level dose estimates are
calculated from models based on the geometry of the organ (at the cellular level)
with energy depositions calculated from point kernel codes such as EGS4. The
dosimetry technique we have developed is capable of estimating energy depositions
(and absorbed doses) for diagnostic scintigraphic procedures. The example
presented is a simple one; however, it is illustrative of the concept we are
introducing. For most clinical applications one would be modeling the tissue
distribution of rather inhomogeneously distributed radiolabeled substances such
as monoclonal antibodies or diphosphonates in tissues that demonstrate
substantially more complex cellular arrangements (e.g., liver, tumor, etc...).
The computer codes necessary for solution of very complex tissue biodistributions
and kinetics are available (SAAM, CONSAM and others) and the codes required to
model the energy depositions at small scales are also available (EGS4).

As nuclear medicine increases the number of therapeutic procedures in its
armamentarium, we will.be faced with the need for prospective, patient-specific
dosimetry. This is already in place in radiation oncology in the form of
simulator workups with dosimetry calculated frcm simulator films, patient
computed tomography data and isodose calculational software. A comprehensive
treatment planning regime is completed prior to commencement of therapy. This
prospective treatment planning philosophy may be the preferred alternative
(rather than dose escalation) for therapeutic nuclear medicine. Because dose
escalation studies generate empirical data regarding the maximum tolerated
administered dose (subtoxic to normal tissues) for a given patient population,
the administration of this "standard" dose to a given patient may produce
untoward results in specific patients. Prospective treatment planning could
detect patients in whom the "standard" dose is above normal tissue toxicity
limits thus obviating this concern.
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APPENDIX

For enquiries regarding the SAAM and CONSAM compartmental modeling codes, please
write to the following address or call the listed telephone number.

Resource Facility for Kinetic Analysis
Center for Bioengineering, FL-20
228 AERL Building
University of Washington
Seattle, WA 98195

800-421-7226 phone
206-543-3081 FAX

This work was performed under Interagency Agreement No. FDA 224-75-3016, DOE 40-286-
71. Oak Ridge Associated Universities performs complementary work for the U.S.
Department of Energy under contract DE-AC05-76OR00033.
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Application of PET and Compartmental Modeling
in Estimation of Cellular Level Microdosimetry:

PET Studies of 1-124 Labeled 3F8 MAb in Human Glioma

Daghighian F, Pentlow KS, Larson SM, Graham MC, DiResta GR,
Yeh SDJ, Macapinlac H, Finn RD, Arbit E, and Cheung N-KV

Memorial Sloan-Kettering Cancer Center,
New York, NY 10021

ABSTRACT

We present a method to estimate the radiation dose deposited in tumor cells
by radiolabeled antibody using PET and tracer kinetic modeling. A patient with a
glioma was injected with 96.2 MBq of 1-124 labeled 3F8, a murine antibody (IgG3)
specific against the ganglioside GD2. Serial PET scans and plasma samples were
taken over 11 days. A 3-compartmental model was used to estimate the plasma-to-
tumor transfer constant (Kx) ; the tumor-to-plasma transfer constant (kg), the
association and dissociation constants (k3, k̂ ) of antibody binding; and the
binding potential, BP. Tumor radioactivity peaked at 18 hours at 0.0045 %IA/g.
The kinetic parameters were estimated to be: 1^-0.048 ml/h/g, k2-0.16 h'

1, k3-0.03
h"1, kA-0.015 h"

1, and BP=2.25. Based on these kinetic parameters, the amount of
tumor-bound radiolabeled MAb was calculated, and from this the dose deposited to
the cell nucleus from Auger electrons was estimated to be 0.24 keV per tumor cell
nucleus per MBq injected. This method permits microdosimetric estimates to be
made at the cellular level based on in-vivo noninvasive measurements.

INTRODUCTION

In the application of monoclonal antibodies for radioimmunotherapy, a key
parameter is the concentration of radioactivity within the tumor. In addition,
if the radioactive nuclide emits low energy electrons (Auger electrons), the
absorbed radiation dose to the nucleus will depend on the radioactivity bound to
the malignant cells and that contained in the extracellular space of the tumor.
The method presented here makes it possible to estimate both of these radioactive
concentrations and permits an estimate of the absorbed radiation dose from
low-energy electrons (cellular-level energy deposition or microdosimetry). Since
this microdosimetric evaluation is noninvasive it may provide a means of
improving the accuracy of predicting effectiveness of radioimmunotherapy in
individual patients.

Quantitative study of the in vivo kinetics of the uptake of radiolabeled
monoclonal antibodies by human tumors is difficult because human studies have
been performed almost exclusively using single gamma-emitting radiotracers with
the gamma camera, and time-activity curves of tumor uptake are often only
semiquantitative in nature using these methods. In addition to providing cross
sectional images, positron emission tomography (PET) is capable of quantitative
measurements of small concentrations of chemical substances in vivo (1). 1-124,
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the isotope used for labeling the monoclonal antibody, is a positron-emitting
isotope of iodine with a half life of 4.2 days. This isotope is suitable for in
vivo studies over the typical prolonged time course of uptake of monoclonal
antibodies in solid tumors. The ability to make quantitative measurements of
1-124 concentrations under realistic conditions with PET has been verified
recently at our institution (4).

In this paper we present a method to quantitatively assess the uptake and
other immunological characteristics of tumors using radioactive labeled
monoclonal antibodies and PET. 1-124 labeled antibodies have been used to image
tumors in xenograft bearing rats (3,4) and we and others (5,6) have reported
preliminary PET imaging studies with 1-124 labeled antibodies in humans. To our
knowledge, this is the first time that the kinetic parameters characterizing in
vivo transport and uptake of antibodies in a human glioma have been measured
using PET. Further, it is proposed that modeling analysis of the PET data can
give information on the cellular level distribution of the MAb necessary for
microdosimetry of nuclides that emit low energy electrons or alpha particles.
For solid tumors such information is not generally available from in vivo
measurements and has to be inferred from in vitro studies, examination of
surgical specimens at a single time point, or from animal studies.

To examine this methodology and find the approximate values of the kinetic
parameters in vivo, a patient with a glioma tumor was injected with a trace
amount of 1-124 labeled 3F8 monoclonal antibody. This murine antibody is
specific against the ganglioside GD2 which is expressed in neuroblastoma (7),
small cell lung cancer, melanoma, sarcoma and glioma (8).

Sequential PET scans and plasma samples were taken to measure the tracer
concentrations in tissue and plasma. A 3-compartmental model, consisting of
plasma pool, extracellular space and cell bound antibody pool, was considered to
represent the kinetics of the tracer (Fig. 1). Tissue and plasma time-activity
curves were then used to estimate the plasma-to-tissue transfer constant, the
tissue-to-plasma transfer constant, the association and dissociation constants of
antibody binding to the cells as well as the "binding potential" which is defined
as the product of the binding site concentration (Bmax) and binding affinity
(Kd"

1). These parameter estimates were then used to calculate the cell-surface
bound and free MAb time-activity concentrations, parameters necessary for
microdosimetric estimates of cell radiation dose.

Compartmental Model

Plasma

Kl

k2

Unbound Antibody

k3

k4

Cell-bound
Antibody

Figure 1. The 3-compartmental model used for kinetics of MAb in tumor
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MATERIALS AND METHODS

3F8 MONOCLONAL ANTIBODY

3F8 is a murine IgG3 monoclonal antibody which binds to GD2 antigen commonly
found on neuroblastomas (7) and certain gliomas (8). 3F8 MAb was labeled with
1-124 at a specific activity of 37 MBq/mg, using the Chloramine T method (9).
More than 90% of the 1-124 was protein bound and immunoreactivity was more than
40% as measured using binding to antigen in a solid phase radioimmunoassay.

PET SCANNING

The patient was infused intravenously with 96.2 MBq of 1-124 labeled
monoclonal antibody 3F8 following a 15 minute transmission scan. PET scans
(using the model PC4600 Cyclotron Corp. of America, Berkeley CA) started with
eight 5-min scans followed by two 25-min scans. A 2 cc venous blood sample was
taken in the middle of each scanning frame (i.e. 2.5 min, 7.5 rain, etc.); the
plasma was separated and counted in a well counter. Additional blood samples
were taken at 18, 44, and 66 hours post injection. Two 30 minute scans were
performed at 18 hours and 18.5 hours post infusion. The patient was scanned
again for one hour at 66 hours post infusion, and two one hour scans were taken
at 10 days and 11 days post infusion. The patient was carefully repositioned
using a laser line marker system. After each scan the PET scanner was calibrated
using a 15-cm diameter cylinder filled with 18.5 MBq of 1-124 solution. A 1 cc
sample of this solution was then counted in the well counter.

The images were reconstructed using a Hann-weighted ramp filter with a 1.4
cycle/cm cutoff frequency. Previous scanning experiments using 1-124 filled
phantoms with this PET scanner under similar conditions yielded an in-plane
resolution of FWHM-13.5 mm and an axial resolution of approximately 10 mm (4).

The images collected between 40 minutes and 90 minutes postinfusion were
added together and regions of interest (ROIs) drawn within the areas of increased
uptake that delineated the tumor using a series of MRI and CT images for
guidance. Comparing counts in these regions with similar regions in phantom
images gave a measure of radioactivity concentration.

TRACER KINETIC MODELING

A three-compartmental model was considered in which the first compartment is
the plasma pool, the second compartment represents radioactivity in the
extracellular space and the third compartment is the cell-bound antibody pool
(Fig. 1).

Kx is the plasma clearance constant, k2 is the tumor-to-plasma transfer
constant, k3 and kA are the antibody association and dissociation constants,
respectively. It is assumed that small quantities of MAb administered result in
nonsaturable binding of the available antigen, therefore a linear model is
applicable. The following relationships hold between the concentration of
radioactivity in extracellular space, Ce(kBq/g of tissue), the antibody bound to
the tumor cell Cb, and the MAb concentration in plasma, Cp (kBq/ml):
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dCJdt=KtCp- (k2 + f k3) Ca + ktcb

(2)
dCb/dt=f k3C.-ktCb

Where f is the fraction of the immunoreactive MAb in the extracellular
space. It is assumed that f does not vary during the course of the study. The
unit of Kx is ml/g/h, and the units of kz, k3, and k4 are h"

1. The solutions to
Eqs. 1 and 2 are:

(3)
-a^ t) + (aa-*4) EXP{-a2 C))XCp(c)

(4)
f Jc3/(aa-a,)] [EXPi-a^ t)-EXP{-a2 t)]XCp(t)

Where:

a t =0 .5 { (Jc2+f Jtj+JtJ - [<*2+f &-3+A:4)
2-4 Jta Jr4]0'5

a2=0.5 { (Jfe,+f k3+kt)

and X denotes the operation of convolution.

The PET scanner measures the total amount of radioactivity per gram of
tissue, CT(t):

The tumor activity measured with the PET and the plasma radioactivity
concentrations were used together with the above 3-compartmental model to
estimate Klf k2, k3, and k̂  using nonlinear regression. Since the plasma volume
Vp was not independently measured for the tumor, a fixed value was assumed based
on published data (9).

In addition to the fitting analysis in which Vp was kept constant, another
analysis was performed in which Vp was also set as a. free parameter to be
estimated in addition to the k's.

ESTIMATION OF ABSORBED RADIATION DOSE

The radiation dose to the nucleus of the malignant cells is essentially from
three sources: 1) gamma radiation and other photons (penetrating radiation), 2)
long range (few mm) beta radiation, and 3) short range (1 to 30 micrometers)
low-energy electrons which include Auger and Coster-Kronig transitions.
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The radiation dose from penetrating radiation includes contributions from
distant organs as well as locally deposited activity. This dose is usually
calculated using MIRD methodology (11) or some variation thereof.

The radiation dose from the long range electrons, DL in (in Gy), depends on
the total concentration of radioactivity in the tumor region, CT(t) (Bq/g) as
measured with PET, and is given by (11):

r (6)
DL(in Gy) = 5.7 57*10-

7*B,TO / C'T(t)dt

where C*T (in Bq/g) is the physically decayed CT (the concentration before the
correction for the physical decay). Time in the integral is in hours and the
limits of the above integration are theoretically from zero to infinity. Eave is
the average beta ray energy in MeV. The isotope used in this sutdy, 1-124, emits
positrons with an average energy of 0.188 MeV. Since the energy deposited in the
nucleus is a small fraction of the total energy deposited, the dose from long-
range beta rays is not efficient in selectively dosing cancer cell nuclei.

The energy deposited by long-range beta rays to an average nucleus, EL> is
related to the radiation dose to the nucleus from long-range beta rays, DL, as
follows:

Ejj=Di* {Mass of Average Cell Nucleus)

The energy deposited to one nucleus from short-range electrons (e.g. Auger
electrons), Es (in keV), is a function of the concentration of radioactivity
bound to the malignant cells, C*b(t) (in Bq/g):

J * pi * fcb{t)dt
(8)

where N is the number of malignant cells per gram of tumor (about 107 for a
typical glioma), and C*b is the concentration of MAb before decay correction. In
Eq. 8, /C*b(t)dt is the total number of disintegrations of cell bound
radioisotope per gram of tumor and is found by integrating the cell bound
activity as determined from compartmental modeling. E^d^e^) is the energy per
disintegration of radioisotope absorbed from Auger electrons of energy ej by the
cell nucleus of diameter dA. En(d1;eJ) depends on the shape and the size of the
malignant cell and the location of the accumulated radioactivity in the cell
(i.e. bound to the membrane, distributed in cytoplasm, or nucleus) as well as the
energy of the Auger electron.

Pi is the percent of tumor cells with diameter dj, which we assumed to be a
Gaussian distribution around 30 micrometers in diameter with a standard deviation
of 5 micrometers (this assumption is based on the histopathology of this
patient). Pj is the percent of Auger electrons with energy e^ for a particular
isotope.

Since the GD2 antigens are located on the cell surface, the radioisotope is
assumed to be bound to the cell membrane. Assuming that the tumor cells are
spherical, En(di;ej) is calculated analytically (12,13) as follows:
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If a monoenergetic electron is emitted from the surface of the cell the
probability that its path crosses the nucleus is equal to 0.5[l-(r2 + Rc

2

R,,2)/2rRc][Fig. 2].

Site of
emission

Figure 2. Geometrical configuration of a spherical cell of
radius Rc with a cell nucleus of radius RN. The radioactive
sources are assumed to be bound to the surface of the cell.

The energy E (in eV) and range R in (nm) of an electron in unit density matter
are related by (12):

E(R) =119 . 7) 0 > 5 6 5 + 4.23*10-4J?133-367
(9)

If an electron is emitted with initial energy ê  and travels a distance r, it has
a residual range R(e.j)-r and an energy E(R(ej)-r). The energy deposited in
between r and r+dr is:

dE=dr* [dE/dR] (10)

Therefore the energy deposited in the nucleus from an electron with initial
energy ej emitted on the cell surface is:
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(11)
J [dE/dR]

where the limits of integration are from RC-RK to either Rc+Rn or R whichever is
smaller. Since several Auger electrons are emitted with different probabilities,
Pj, and energies ej, then the total energy absorbed by the nucleus with the cell

diameter dt - Rc/2 is equal to Lj Pj * xin(Rc;eJ). If we assume that the

probability of a tumor cell having a diameter &t is Pi, then the energy deposited
to an average tumor cell nucleus per disintegration of radioactivity accumulated
on the cell membrane is equal to E^:

(12)E E p P * E ( d )

The absorbed radiation dose due to gamma rays and the dose absorbed by the
nucleus of the tumor cell from Auger electrons emitted in the extracellular fluid
or from neighboring cells is considered to be negligible compared to EL and Es.

RESULTS

Four transaxial tomographic sections (12 mm thick) of PET images were
obtained at approximately 5.0 cm above the orbitomeatal line and are shown in
Figure 3. The PET images are in body CT format. In Figure 3 a tumor on the
right (no prior surgery) and on the left (the site of the surgery and recurrent
tumor) are clearly distinguished by increased uptaka of the labeled antibody.
The tracer is distributed in the vascular spaces of scalp, meninges and brain in
the first hours post injection (40 min start). In the second and third scanning
sessions (at 18 and 66 hours, respectively) the tumor and the site of the surgery
have 8 to 10 times more activity than normal brain. Figure 4 shows the
radioactive concentration as a function of time for the tumor. Figure 5 shows
the radioactive concentration in plasma as a function of time. The plasma
time-activity curve was fitted to a sum or two exponentials:

(13)
Cp=15.17 EXP(-0.02 t) +3.959 EXP( -0.34 t)

The units of Cp and t are kBq/cc and hours, respectively. This analysis yields
half-times of 2 hours (21% of total activity) and 34 hours (79%). Equation 13,
plasma time-activity curve, was used to extrapolate the plasma activity
concentration up to 11 days after injection.
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Figure 3. PET scans of the patient: a- 50 minutes duration starting 40 minutes
post infusion, b- 30 minutes duration starting 18 hours post infusion. c- 60
minutes duration starting 66 hours post infusion. d- 60 minutes duration 10 days
post infusion, e- 30 minutes duration 11 days post infusion.
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Figure 4. Radioactivity concentration in tumor determined from PET images
(corrected for physical decay).

The tissue time-activity curve for the tumor region was fit with the 3-
compartmental model. The kinetic parameters, (K1( k2, k3 and k4) as well as Vp
were estimated and are shown in Table 1. Another set of estimates was obtained
by assuming fixed values for Vp (0.03, 0.035, and 0.04 ml/g). The estimated Kx
to kA are shown in Table 1. The ki/kg ratio, assumed to approximate the volume
of the extracellular space (or virtual space), is tabulated in Table 1. The
k3/k<1 ratio is considered to be related to the availability of antigen
concentration and antigen-antibody affinity; the k3/k^ ratio has been described
as the binding potential (14,15), which is the product of Bmax (the number of
available binding sites) and Kj"1 (the binding affinity).
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Figure 5. Radioactivity concentration in plasma determined from samples
(corrected for physical decay).

Table 1

Kinetic parameters found by fitting the tumor time-activity
data with the 3-compartmental model. The blood volume,

Vb, was varied between .02 and .04ml/g.

Plasma
Volume

0.03

0.035

0.04

0.03Z(Fit)
(0.013)

influx K,

ml/g/h

0.048
(0.001)

0.042
(0.002)

0.035
(0.001)

0.045
(0.017)

k,

1/h

0.162
(0.005)

0.137
(0.005)

0.11
(0.005)

0.15
(0.064)

k,

1/h

0.03
(0.0012)

0.027
(0.0015)

0.021
(0.0018)

0.027
(0.003)

k,

1/h

0.015
(0.0004)

0.014
(0.0005)

0.013
(0.0006)

0.012
(0.013)

Virtual space

K,/k, (ml/s)

0.3

0.31

0.32

0.30

Binding Potential

k,/k.

1.98

1.95

1.62

2.25
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The plasma curve and the kinetic parameters (in Table 1) were used in a
simulation of the tissue time-activity curve. The radioactive concentration in
the extracellular space, C., and that bound to malignant cells, Cj,, was
calculated separately and shown in Figure 6 for Vp-0.03 using Eqs. 3 and 4.
These curves represent decay corrected activities (t1/2 "• 4.2 days). As shown in
Figure 6 most of the activity in the tumor region is unbound in the first couple
of days; at 80 hours this ratio reverses, after which the bound activity
concentration dominates the total activity seen in the PET scan. At 120 hours,
90% of the total activity is estimated to be that of the bound compartment.

4.O

O.O

TOTAL
FREE
BOUND

O 4O SO 12O 16O ZOO

Hours Post Infusion.

24O 28O

Figure 6. Radioactivity concentrations in extracellular space (Ce), cell bo md
(Cb) and total (Ct) according to a simulation based on the kinetic parameters
found by the modeling and the plasma time activity curve (Fig. 5) (corrected for
the physical decay).

DOSIMETRY

The absorbed dose to the tumor cells from both long-range beta radiation
("cross fire" dose) and short-range Auger electrons (microdosimetric

406



contribution) were calculated based on Eqs. 6 and 7. The estimate of the total
concentration, CT, and bound concentration, Cb of radioactivity, resulted in
cumulated activities of:

fc'T(t)dt=251 kBqh/g and fc'b( t) dt=68 kBq h/g
(14)

Using Eq.6, the absorbed dose from long-range beta rays, DL, is 0.028 cGy per MBq
injected. Assuming that the tumor cell nuclei are on average 30 micrometers in
diameter, and using Eq. 7, the corresponding absorbed energy in each tumor cell
nucleus is EL — 24 keV per MBq injected. The energy absorbed in the nucleus from
membrane bound radioactivity, En(di,eJ) is shown in Figure 7 for a range of cell
diameters di( and electron energies e^. The major Auger electrons emitted by
1-124 are 4 and 5 keV (with probabilities Pj - 32 and 22%), and 22, 23, 26, and
27 keV (with probabilities P̂  - 1.4, 4, 1.2, and 1.3%, respectively (16).
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Figure 7. Calculation of energy absorbed in the cell nucleus from Auger
electrons emitted from the membrane-bound MAb. The abscissa is the diameter of
the cell nucleus. It is assumed that the diameter of the nucleus is 1 micrometer
less than that of the cell. The data shown here are for monoenergetic electrons
with 10 keV energy (circles), 20 keV energy (stars), and 30 keV energy
(triangles).
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Glioma cells are generally round with giant nuclei approaching the diameter of
the whole cell. Their sizes vary from 10 to 60 micrometer in diameter (17). The
above calculation of E^d^e^) was carried out for this range of diameters with
the assumption that the diameter of the nucleus is 1 micron smaller than the
diameter of the cell. As can be seen from Figure 7 the energy deposited by 4 or
5 keV electrons is negligible. The total energy deposited by Auger electrons of
1-124 in an average cell nucleus was calculated based on the Pj's of 1-124, (Eqs.
8 and 10-12) to be:

Li j En(d1;ej) P^?i = 0.75 keV per disintegration.

Therefore approximately 0.75 keV per disintegration is deposited in an average
tumor cell nucleus from 1-124 Auger electrons. The accumulated activity in the
cell-bound compartment was found to be 0.7 kBq h per gram per MBq injected
(Eq.10), or 2.55 X 106 disintegrations per gram per MBq injected. Therefore, by
assuming N-107 malignant cells in one gram of tumor, one finds from Eq. 8 that a
total of 0.2 keV (Es) was deposited on the average in each nucleus per MBq
injected over a period of 11 days. Hence, the absorbed dose due to Auger
electrons in an average cell nucleus was 2.3 X 10~6 Gy per MBq injected.

DISCUSSION

Several MAbs have been used to target brain tumors. Antibodies used in
clinical studies that target antigens of relevance to brain tumors include
epidermal growth factor xeceptor (18,19), tenascin (20), a neuroectodermal
antigen (21), and GDZ glycolipid (22). 3F8 antibody is an exceptional antibody
for targeting neuroblastomas, with concentrations after intravenous injection
being among the highest ever reported for a MAb, typically 0.08% injected dose
per gram (23). In clinical trials at our institution with 3F8, diagnostic
accuracy of greater than 90% has been seen in advanced neuroblastoma (24). Phase
1 therapeutic clinical trials with high dose 1-131 3F8 at doses ranging from 148
MBq/kg to 740 MBq/kg are underway in our institution (25), where clinical
responses have been seen in stage IV neuroblastoma.

For gliomas, the GD2 antigen concentration is lower than for neuroblastoma.
In a group of 7 glioma patients studied prior to surgery (26), both GD2 antigen
density and radioactivity concentration of 1-131 labeled 3F8 were measured.
Whereas neuroblastoma tumors typically have 3 to 4+ antigen expression, these
glioma tumors had mostly 2+ and 3+ expression on immunohistochemical analysis.
Radioactive concentration was also lower than that reported for neuroblastoma
(0.0045 %IA/g vs 0.08 %IA/g). It should be noted that percent injected activity
of 1-131 labeled 3F8 per gram measured in surgical biopsies from brain tumor
ranged between 0.001 and 0.007 %IA/g (26), which is consistent with the measured
concentration obtained in this noninvasive study using PET.

MODELING

In this paper we presented a method to study MAb kinetics and binding in
vivo, and estimated the uptake parameters and binding potential (BP). Blasberg
et al (15), have studied the kinetics and regional tissue distribution of 1-131
labeled 81C6 MAb in athymic mice implanted with D54MG human glioma xenograft, and
found that a three-compartmental model similar to ours can be used to represent
the kinetics of the MAb. They found binding potentials of 2.2 to 4.7, and a
virtual space of 0.2 ml/g, for the brain tumor xenograft, compared with our
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values of 1.7 to 2 for the binding potential and 0.3 ml/g for the virtual space
in a human glioma. In calculating binding potential, they did not include the
fraction of inununoreactive antibody 'f as we did in Eqs. 1-4. Inclusion of this
factor increases the binding potential of C81 MAb in glioma xenografts by a
factor of 3. Therefore, the BP found in this patient with 3F8 is 4 to 7 times
lower than that found for C81 MAb in glioma xenografts (15) in athymic mice.

The estimated Vp (last row in Table 1) agrees well with the plasma volume
reported for brain tumors (10), and the other estimated parameters are close to
those estimated when Vp was kept constant (first three rows of Table 1). This
agreement between Vp's, as well as general agreement between other parameters of
4-parameter and 5-parameter models, suggests that a separate study may not be
needed for determining the plasma volume in the tumor.

The model indicates that a considerable fraction of the total activity in
the tumor is bound. We have not independent verification that this binding is
antigen specific in vivo. Liberation of 1-124 may gradually occur due to
deiodination in the body. Also, catabolism of the MAb may occur i.e., the MAb
molecule may break into smaller molecules with the radioiodine being attached to
one of these smaller molecules. Typically, 8 to 10% of radioiodinated antibodies
are broken down per day (27,28) particularly in the plasma space and in the liver
(29). The weight of experience suggests that when deiodination occurs, there is
a rapid clearance of iodide from the body through the kidneys. The thyroid was
blocked in this patient so that only a small fraction of the free 1-124 would be
retained.

APPLICATION OF PET IN RADIOIMMUNOTHERAPY

A major advantage of serial PET imaging is its ability to directly measure
time-dependent concentration in tumors, which often can be a serious source of
uncertainty for radioimmunotherapy methods. In addition, compartmental analysis
of PET data, by providing an estimate of (^(t), can provide an estimate of the
Auger electron dose to the tumor cells. The estimation of the bound antibody
concentration, Cb(t) has important implications for measuring the radiation dose
delivered to the tumor cells from the low-energy (and therefore short-range) beta
radiation (Auger and Coster-Kronig electrons). These low-energy electrons (1 to
30 keV) deposit energy over ranges comparable to the dimensions of a tumor cell;
i.e. the energy deposited is highly localized to within 1 to 30 micrometers from
the point of emission. If the emitting isotope is bound on the surface of the
tumor cell or is internalized by the tumor cell, this radiation dose will be
delivered with little or no dose to the normal cells. If the isotope is floating
in the extracellular space these electrons will most probably miss the cell
nucleus.

In a theoretical calculation Makrigiorgos et. al. (30) examined the
importance of including the cellular level radiation dose delivered by low-energy
electrons emitted by Tc-99m, Tl-201, In-111, and 1-123. They showed that if the
effect of these low-energy electrons is ignored conventional dosimetry
underestimates the dose delivered to radiolabeled tumor cells by 2 to 25 fold
depending on the energy of the electrons, ratio of intracellular to extracellular
uptake, and the cell geometry. None of the nuclides they considered emit beta
rays, their only long-range radiation being gamma radiation.

In this work, we compared the absorbed dose to the nucleus due to long-range
beta rays versus Auger electrons emitted by 1-124. We estimate that the long-

409



range beta radiation contributes 120 tines more radiation absorbed dose to the
nucleus than the Auger electrons. This is due to: a) the modest percent activity
per gram in the tumor, and particularly the small amount that is bound, and b)
the fact that this antibody is not internalized into the cytoplasm or nucleus but
is bound to the cell membrane. This situation will change substantially for
antibodies that are internalized by the cell nucleus.

PET imaging of 1-124 labeled MAb can be used for calculating dosimetric
estimates of the same antibody labelled with a more potent radioisotope (a high-
LET emitter such as an alpha emitter or more potent Auger emitter). For this
purpose the patient will be injected with a cocktail consisting of a tracer
amount of 1-124 labeled antibody mixed with a large amount of the same MAb
labeled with a more potent radionuclide. PET imaging and kinetic modeling of the
1-124 labeled MAb would then provide an estimate of the total radiation dose. It
should be noted that PET imaging is particularly suited for making quantitative
measurements of a positron-emitting labeled MAb in the presence of much larger
quantities of single-photon gamma emitters such as 1-125 or 1-131.

As an example, consider a case where a patient receives 1-124 labeled MAb
and a large therapeutic dose of 1-125 labeled MAb. 1-125 emits Auger electrons
(4,5,22,23,26,27,31, and 34 keV with probabilities of 158, 55, 3.4, 10, 2.8, 3,
11, and 1.9 percent, respectively), low-energy x-ray and gamma rays (27 keV), and
has a physical half-life of 60 days. Therefore, sequential PET imaging of 1-124
labeled MAb allows an estimation of the kinetic parameters, (^(t) and C.(t)
which, in turn, permits the estimation of the cellular radiation dose from the
Auger electrons of 1-125. Three major advantages of 1-125 over 1-124 are: A) No
long-range beta radiation, therefore reduced dose to healthy organs meaning that
more radioactivity can be injected without exceeding the bone marrow toxicity
level; B) More energetic Auger electrons which increase the short-range radiation
dose to the tumor cells. The short-range Auger doses to the cancer cells from
1-125 were calculated using the methodology described above and found Es—2.03
keV per nucleus per disintegration which is 4 times larger than that of 1-124;
and C) longer physical half life.

SUMMARY

In this paper we have proposed a methodology and demonstrated its
application in one patient. It includes three novel aspects of antibody imaging:

1) Dynamic, quantitative PET imaging of MAb in a patient with a glioma tumor.
2) Application of a 3-compartmental model to study the kinetics of the

antibody which provides an estimate of the binding potential of 3F8
antibody in this tumor.

3) An estimate of radiation dose to the tumor cell nucleus from low-energy
Auger electrons based on the parameters determined from the kinetic
modeling of PET images.

With satisfactory validation, these approaches should permit a noninvasive
assessment of tumor radiation dose at both the macroscopic and cellular level
with a labeled MAb by means of external PET imaging.
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DISCUSSION OF PAPER BY P. HARPER, G. SMITH, J. STUBBS, AND E. DAGHIGHIAN

CHEN: I have a question for Dr. Stubbs. To what extent does heart motion affect
the quantitation of activity in the heart wall and chambers?

STUBBS: I think perhaps 'chat Dr. Smith might be better able to address the
question of just how much effect the contractions of the heart during the cardiac
cycle might affect the absolute quantitation of activity in the myocardium.

SMITH G: Motion can artifactually decrease the measured activity concentration
in a myocardial segment by "smearing" the detected activity over the segment's
course. Gating the cardiac scan can minimize this effect at the expense of
increased statistical noise in the images. Henze has shown only a small effect
of myocardial motion (i.e. < 15% error) on myocardial activity measurements using
PET. Presumably this results from the limited duration of the systolic component
of the cardiac cycle compared to that of diastole. Using the maximum tracer
concentration in a sector, rather than the sector average, may-also lead to less
reduction of measured tracer concentration due to motion. Weinburg has shown
that PET estimates of left ventricular blood pool activity accurately reflect
true activity as measured with a beta probe.

CHEN: I also have a question for Dr. Daghighian. It would seem to me the
central issue in the dosimetry that you described is the dose distribution or the
analysis of the heterogeneous dose distribution to the tumor and it is unclear to
me how PET scanning with a rather limited spatial resolution can actually give
you any information at all that would be useful about the heterogeneous
distribution within the tumor.

DAGHIGHIAN: Yes, that is basically correct. There is heterogeneity and
limitation of resolution. Modern PET scanners have much better resolution than
our PET scanner. You can now image FDG with the PET scanner designed by CTI for
animal studies and get 3-mm full width at half max. I expect for 1-124 you may
get 0.25 mm. If you have a large glioma, 3 or 4 cm, you can see the
heterogeneity using the high resolution PET scanner. But basically you are
right. There is heterogeneity and you cannot do anything about thai:. If you
have a high resolution PET scanner, you can draw several regions of interest on
one tumor if your region of interest is larger than twice the full width at half
max.
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FAV: My question is to Dr. Harper. I am concerned with the radiation dose to
the urinary bladder from positrons and electrons. Are the. cells of the wall
equally at risk? Should I be evaluating an average dose, surface dose, or is
there a particular depth in the wall where I should be evaluating the dose?

HARPER: Since the thickness of the bladder wall varies from less than a
millimeter to almost a centimeter depending on the state of distension, it is
difficult to direct one's attention to a specific depth. I suspect that the
transitional epithelium is the tissue most at risk since this is where bladder
tumors form.

KWOK: Dr. Harper, you mentioned that you applied thermoluminescent dosimetry to
measure the dose to the trachea from inhaled positron-emitting
radiopharmaceuticals. I wonder how you compared your experimental results with
dose point kernels. You seem to have very good agreement. Is that correct?

HARPER: The dosimeter measurements gave an average value over a depth of 50
micrometers and it looked as though it gave a very close estimate to what the
curve would look like averaged over the same depth.

KWOK: What point kernel did you use in the comparison with the experimental
results.

HARPER: What point source function?

KWOK: Yes.

HARPER: We showed two of them: Berger's and Loevinger's.

KWOK: That's for homogeneous medium, such as water or soft tissue. So from your
results it looks as if the maximum discrepancy is only about a few percent, is
that correct? I'm very skeptical about the very good agreement because of the
individuality.

LATHROP: Perhaps you two can get together after the meeting where you can
communicate.

KWOK: May I ask a question of Dr. Stubbs? In your modeling of microdosimetry,
what is the rationale of using the diameter of the cell nucleus (approximately 8
pm) as the diameter of the /3+ track in your microdosimetry analysis? I think you
should use the range of the secondary electron rather than the diameter of your
cells.

STUBBS: Right, where we modeled the positron track of a cylinder that had a
length equal to the range.

KWOK: Yes, so you used a cylinder to mimic a track of the electrons. The length
of the cylinder is the range, that I agree, but the diameter of the track was
taken as the diameter of the nucleus of the cell, which is about 8 micrometers,
for that particular example.

STUBBS: Yes, that's true. We did more or less model the nucleus as a bulls-eye
target and you are quite correct that to be more rigorously accurate we should
probably have widened up the track or the diameter of the cylinder in order to
account for the range of the secondary particles generated by the passage of the
positrons through the material. You are correct about that.
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KWOK: I think it is the other way around, you should have the diameter equal to
the range of the secondary electrons, which I think is less than 8 micrometers in
tissue.

STUBBS: So you are saying that the range of the secondary electrons is going to
be far less than that.

KWOK: Should be less.

STUBBS: Then I think what we have done is probably more than adequate and
accurate because you have to take into account the fact that you have a cross-
sectional area equal to the cross-sectional area of the nucleus that the positron
can pass through. We are not considering the nucleus as a point of infinitesimal
size so we are concerned with calling the passage of the positron through any
part of the nucleus as a hit. You could argue that we should probably widen that
cross-sectional area up to account for the fact that if the positron track comes
close, but does not intersect the nucleus, there will be some damage or energy-
absorbed ionization caused in the nucleus by the proximity of the passing of the
positron. As you just said the ranges of the secondary particles are much
smaller than 8 micrometers and that probably wouldn't make any difference in the
results that we obtained.

KWOK: So in the model you assume the nucleus of the cell is almost like a point.
In that case you take all the track of the nucleus size into the track of the
positron, is that what you are saying?

STUBBS: No, what I am saying is if you can imagine that we have a nucleus
sitting out somewhere in a myocardial cell, the positron moves in that direction.
If its flight passes through the nucleus, we consider it to be scored, that is a
hit. When you look at it in that fashion, you need to use the cross-sectional
area of the nucleus as a target. We did not treat the nucleus as an
infinitesimally small point.

STABIN: What we are establishing through this calculation is essentially a
reaction cross-section. If we imagine a beta particle (or electron) passing
through our medium, we say that it has interacted with a cell if it touches the
cell. Therefore, we see a "cylinder", with a radius equal to the cell radius and
length equal to the particle track length, as the volume "touched" by one
particle in its transport history. The volume of this cylinder is assumed then
to be the probability of a cell being hit assuming a track density of one
track/cm3. We then scale up to the true track density, based on a knowledge of
total number of disintegrations and target region volume.

Dahighian: The way I calculated the dose from the cell membrane to the nucleus
was a technique by Adelstein and Kassis (1987). They have an elegant
calculation. I calculated for different energies of Auger electrons ranging from
20 to 50 keV. When the Auger electron has low energy most of it gets absorbed
into the nucleus if the path falls in that solid angle that goes to t.he nucleus.
If the range is larger than the diameter of the nucleus, it gives some energy to
the nucleus and comes out from the other side. This can be done perfectly and
analytically without any trouble using that model.

LAZEWATSKY: Dr. Stubbs, have you considered the heterogeneous flow models for
blood-tissue exchange in the myocardium? If so, what differences might be
expected in the result?
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STUBBS: No, we did not consider that model. I was unaware of it quite frankly.
A lot of this work was done by Jim Turner and Mike Stabin. They might be more
aware of the model. They might address the second part of your question better
than I can.

SMITH G: The work by Dr. James Bassingthwaighte's group at the University of
Washington at Seattle is an extension of work done by both Renkin and Crone on
the transport kinetics between blood and tissue for various substances. The
value for kx is a measure of the transport of

 13NH3 from blood to tissue, and
follows the Crone model according to equation 4 in the text. On the other hand,
K2 is a measure of the back diffusion of

 13NH3 from tissue to blood, either by
metabolic processes or by passive diffusion. The work by Bassingthwaighte may
help improve the model by better defining both kj and K2, as well as by including
estimates of the tracer's axial dispersion and linear concentration gradient
along the capillary length. These improvements may provide more precise
parameter estimation, especially with tracers that have more complex kinetics
than 13NH3.

LATHROP: Mike, would you like to make any comment on that at this time?

STABIN: No.

LATHROP: I don't blame you.

SMITH T: I have two comments to make rather than questions and I will try to
make them brief. 1. The objective of our work on 77Br-bromospiperone, to which
Dr. Harper referred, was to evaluate its feasibility for quantitation of striatal
dopamine receptors in the brains of schizophrenic patients by means of SPECT.
However, as Dr. Harper stated, the dosimetry of this substance could readily be
used to derive the corresponding dosimetry of the positron emitters 75Br and 76Br
labelled to bromospiperone. 2. Several members of the audience, including
myself, were members of the ICRP task group that produced ICRP Publication 53 and
are currently engaged in another task group to update that publication. The
derivation of biokinecic models and dose estimated for PET radiopharmaceuticals
were made difficult by the severe lack of relevant published data. In view of
the eventual updating of the dosimetry of this group of radiopharmaceuticals, Dr.
Harper's plea for PET users to produce and publish dosimetric data is most
welcome and fully endorsed by the task group members.

BRILL: I would like to follow up on that and then ask Paul a question, if I may.
The dosimetry, apart from Paul's general comments, initially focused on specific
organs of interest, whether it be a tumor or the heart. That is not the kind of
data ICRP 53 needs. It really needs whole body biodistribution as a function of
time. It has been a matter of some concern to me that the only two instruments
that I know of in the world that could provide this kind of information are the
system developed by Ostertog at Heidelberg and Hal Anger's system at Berkley.
The hundred crystals above and below the subject that will scan the whole body in
a minute or two and do it repeatedly to get the kind of kinetic information you
need have been put in a shelf and are no longer being used. I would encourage
anybody who's interested in dosimetry to try and acquire those instruments. I
believe that the focus of high resolution diagnostic studies has really
circumvented the possibility of acquiring that kind of data. The question to
Paul is that all of us who are involved in clinical nuclear medicine are
occasionally appalled by the frequency of subcutaneous infiltrations of
injections with gamma emitters. When you get to therapy, the concern is a little
bit more clear, but I am not sure what the dosimetric implications of
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infiltration of 25% of the dose of a positron emitter is with respect to the arm
dose. What is your feeling as to the magnitude of the doses we are talking about
in those circumstances?

HARPER: I haven't attempted to make that calculation. For oxygen-15, in an arm
of reasonable size and reasonable flow with an exposure time about 2 or 3
seconds, the dose would be about a rad per millicurie. So, if you are injecting
50 millicuries the dose to a circulating vein would be 50 rad and if you've got
that infiltrated, it goes up by orders of magnitude.

HUI: I have a question for Dr. Stubbs. In referring to the cell-kill index, I
believe you need cell-specific data to be able to apply your results of hits/mCi.
Do you have any cell-specific data such as the probability of a cell being killed
if receiving a certain number of hits?

STUBBS: Let me see if I understand your question. Are you asking if I have any
data to verify such a thing as how many cells would be inactivated given the mean
number of hits per nucleus?

HUI: Right.

STUBBS: No, in this particular example we did studies in a patient who had quite
a substantial amount of viable myocardium. He survived so we could not obtain a
sample at autopsy and verify the cell-kill index. In fact, the search for some
of the numbers that would enable me to calculate cell-kill index has been quita
frustrating. It is more or less a theoretical construct at the moment at least
in the research that we presented. We don't have a readily available way to
verify it.

HUI: I think that my concern is not how to verify the results but how can we
predict specific data. I believe that cells are quite different so we see more
hits in some cells than others. That is why I am concerned.

STUBBS: You are absolutely correct about needing cell-specific radiosensitivity
data. I do not presently have data regarding the number of "hits" required to
inactivate cardiac cells. I think these data do exist, for cardiac as well as
other tissues.

GATLEY: Do you think the model you have developed for 13NH3 in the heart will be
widely applicable? This may be a special case because 13NH3 exhibits relatively
simple behavior, and the heart is a fairly homogeneous tissue. Tracer kinetic
models for most compounds are much more complex. When you convolve the
uncertainties in PET tracer behavior and modeling with radiobiological
uncertainties, I suspect you generate a situation analogous to one with more free
parameters than data points.

SMITH G: There is little question in my mind that this model, or variations of
this model, will be used clinically to determine myocardial blood flow and
cardiac reserve (the ratio of stress flow to rest flow) in patients with coronary
artery disease. Work is underway in our laboratory to determine whether
measurements of cardiac reserve can predict the functional significance of
coronary stenoses. A similar model has been used with 2-fluoro-2-deoxyglucose to
determine the local metabolic rate of glucose utilization in brain and heart.
These applications both utilize the time-activity curve measurements to calculate
physiological parameters. To date, however, there has been limited investigation
of using the time-activity data to determine in vivo dosimetry. If positron
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emitting compounds can be made which trace the kinetics of new immunotherapy
agents, PET imaging with this methodology could be used not only for diagnosis
but also to predict both the efficacy and dose requirements of those drugs in
individual patients.

GATLEY: Thanks a lot. Again, I didn't mean to give you too hard a time about
this. I do think that what you are doing is interesting and worthwhile. I just
wanted to make it clear to other people how complicated these issues really are.

HARPER: I would like to make a comment about the Auger electrons. We know,
mostly on the basis of 1-125 work, that when the Auger emitter is incorporated
into the DNA the results are highly lethal to the cell. We know that when the
emitter is attached to the surface of the cell with an appropriate carrier they
have very little killing effect. When the material is in the cytoplasm the
effect is somewhat in between, depending on how close it is to the nucleus. The
1-124 data apparently showed that the emitter was on the surface of the cell. I
was wondering Dr. Daghighian, why the Auger absorbed dose was lumped with the
positron absorbed dose.

DAGHIGHIAN: We calculated it and found out that it was low. We expected it to
be low because it was surface bound. There are many cases where the radionuclide
is not surface bound but is incorporated into the cell and maybe into the
nucleus. In this case we were studying the immunological aspect of the tumor and
we used this as a side research. Because we have these data, we should calculate
how much dose we get from that. Now it is possible to do the same study with
another antibody, another cell line in which the antibody is shed into the
cytoplasm, or other radionuclides that get into the nucleus.
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ABSTRACT

Synthesis, in vitro and in vivo studies have been carried out to evaluate
the potential of organoarsenic compounds for application in cancer chemotherapy
and further utilization in nuclear medicine when labelled with the appropriate
radioisotope for tumor imaging or therapy. Dimethylarsino derivatives of
sulfhydryl-containing compounds have been synthesized and evaluated as
carcinostatic agents. These compounds demonstrated moderate to weak activity.
The successful use of simple radiolabeled inorganic and organic arsenicals for in
vivo imaging of space occupying lesions in human brains, including various types
of malignancies, has stimulated further development of such dimethylarsino-
mercapto derivatives. Previously, we had studied the kinetic behavior of two of
these compounds, in vivo, using their radiolabeled analogues. These studies have
illustrated the biodistribution patterns of these compounds and may be useful in
determining their biological half-times. From this data, radiation dose
estimates have been calculated for comparison of several radioisotopes of arsenic
to evaluate their suitability for nuclear imaging or therapy.

INTRODUCTION

Arsenic radioisotopes have potential as imaging and therapeutic agents in
the field of nuclear medicine. Brownell and Sweet reported that positron-
emitting isotopes such as As-74 offer possibilities of better resolution for
tumor localization than is attainable with single photon emitting radioisotopes
(1). These investigators provided a detailed report on the coincidence
phenomenon and its successful application in tumor localization utilizing 55 MBq
of As-74 for a 7O-kg adult human with approximately 0.2 mg of arsenic, as sodium
arsenate, added as a carrier (2).

Mallard, Fowler, and Sutton (3) developed modifications of Brownell and
Sweet's technique and applied it to 20 patients with cerebral infiltration of
reticulum cell sarcoma, meningioma and astrocytoma in various grades. They used
As-74 with scintiscanning techniques to enhance localization contrast.
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Later, Paul and Botterell (4) evaluated the use of As-74 for external
localization of space occupying intracranial lesions.

Farrer and McRae (5) reported their experience in scanning numerous
patients, using a coincidence circuit also derived from that of Brownell and
Sweet, after intravenous injection of As-74 at a dose of 10 /*Ci per pound of body
weight. They calculated total body dose to be 3.2 rads for a 1.5 mCi
administered dose of As-74. Benda, David, and Constans (6) reported their use of
radioactive As-76 for preoperative detection of cerebral tumors. They scanned a
number of patients injected with doses ranging between 0.5 and 1.9 mCi of As-76
depending upon body weight. Arsenic-76 was used as ammonium arsenate in a
specific activity of 20 mCi/mg which was considered to be suitable for subtoxic
doses.

Due to these successes, several studies have been undertaken to evaluate the
distribution of arsenic radioactivity in normal and tumor tissues after
administration of inorganic arsenic. Mealey, Brownell, and Sweet (7) reported on
the radioarsenic levels and turnover in plasma, erythrocytes, normal brain tissue
and intracranial neoplasms after administration of As-74-arsenite to over 100
patients. Long, McAfee and Winkelman (8) evaluated As-74-arsenite as well as
other radioactive compounds for external detection of cerebral tumors by studying
their distribution in tissue and tumors in mice bearing ependymoma. Their
results indicated a rapid elimination from the blood stream by liver and kidneys.
The maximal tumor-to-brain ratio of approximately 10:1 was achieved within the
first hour post-injection and decreased thereafter reaching a ratio of 4:1 by the
third hour. Matthews and Molinaro (9) also measured the uptake of various
radioactive substances including As-74-arsenate and arsenite used for brain tumor
localization. They reported the concentration of As-74 in red cells, in rats but
not in man. They compared the behavior of carrier-free and carrier-added labeled
arsenate.

Uptake of various organoarsenics in normal and tumor tissues have also been
studied using radioarsenic tracers. Mego and McQueen (10) synthesized and
studied the uptake of As-74 labeled arsonoazo-proteins in tissues of tumor
bearing mice. The same investigators (11) later provided a comparison of the
uptake of other As-74 labeled inorganic an organic arsenicals in tumor bearing
mice. Recent work aimed at labeling biologically active organic molecules with
radioarsenic involved evaluating them as potential radiopharmaceuticals. Hosain
et al. (12,13) synthesized arsenic-containing analogs of phosphorus compounds
which demonstrated significant skeletal uptake. Such compounds would be used for
skeletal imaging, bone-tissue carcinoma localization and therapy for diffuse bone
metastases. A variety of important radioarsenic labeled molecules have been
synthesized by Emran et al. (14-16) including such compounds as S-dimethyl-
arsinomercaptoethanol (DAME), S-dimethylarsinopenicillamine (DAP) and a
phenarsazine derivative analogous to the bioactive phenothiazine.

The purpose of the current study was to evaluate the expected radiation dose
estimates to humans, as extrapolated from biodistribution data in mice, of As-76
labeled DAP and DAME. The results obtained will aid in the evaluation of the
usefulness and applicability of certain arsenicals when labeled with one of three
other arsenic radionuclides. This was accomplished by using the biokinetic data
obtained from administration of the As-76 labeled DAP and DAME and substituting,
mathematically, As-72, As-74 and As-77 for the As-76.
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MATERIALS AND METHODS

RADIOSYNTHESIS AND BIODISTRIBUTION

Radiosynthesis of As-76 labeled DAP and DAME was carried out via a reaction
between the sulfhydryl precursor and (As-76)-dimethylchloroarsine prepared from
neutron-irradiated arsenic trioxide. After purification of the As-76 products,
biodistribution in mice was carried out using appropriate standards. Details of
the radiosynthesis and biodistribution have been published previously (15).
Serial sacrifice of the mice with subsequent organ harvesting was performed at
four times post-injection; 15 min, 1.0 h, 2.0 h and 4.0 h.

RADIATION DOSIMETRY

In order to estimate the absorbed dose from an administration of these
arsenic-labeled radiopharmaceuticals, the biodistribution data were extrapolated
from mouse to human values. Due to the lack of data regarding the
pharmacokinetics of dimethylarsinomercaptoethanol (DAME) and dimethylarsino-
penicillamine (DAP), physiologically-based pharmacokinetic (PBPK) models could
not be used for the extrapolation calculations. The extrapolation of mouse data
to human data was accomplished by multiplying the mouse data by an extrapolation
factor, G(i). This factor is a proportionality constant (for a given organ, i)
that relates the ratios of organ to body weights in the mouse and human. Table 1
lists the weights of organs in the experimental mice and in the human phantom of
Cristy and Eckerman (17) as well as the extrapolation factor for each organ. The
experimentally obtained average concentration in each organ (%IA(injected
activity)/g) of the mice is multiplied by the extrapolation factor yielding the
human organ uptake value (%IA/organ). The equation (Eq. 1) used to determine
G(i) is listed at the bottom of Table 1.

Table 1

Organ

Organ

Brain
Heart
Lung
Liver
Spleen
Kidney

Weights and

Mice(g)

0.344
0.133
0.187
2.028
0.113
0.536

Extrapolation

Human(g)

1420
316
1000
1910
183
299

Factors

G(i)

1.863
1.073
2.414
0.425
0.731
0.252

G(i)-[BWmouse " ORGANhuman(i)]/[ORGANmouso(i) • BWhunmn]

G( i ) -4 .514E-04 • [0RGANhuman(i)/0RGANroouse(i)]

i

(Eq. 1)

i t h o rgan

BWn»use ~ body weight of the mouse, 0.0316 kg
BWhumai) - body weight of the a d u l t male phantom, 70 kg
0RGANhuman(i) & ORGANBOU,.(i) - ifch organ we igh t , i n g, fo r

human and mice, respectively.
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In addition to calculating dose estimates for As-76 labeled DAP and DAME, we
were interested in the dosimetry of As-72, As-74 and As-77 labeled DAP and DAME.
It was assumed that changing the arsenic radioisotope did not change the
biodistribution of either the DAP or DAME. Several other assumptions were made
regarding the biokinetics and excretory pathways of DAP and DAME. The first
assumption, regarding the biokinetics, pertained to the biological half-time of
the compounds in each organ. Because data were available at only four time
points up to four hours after administration, the removal mechanism from any
tissue was assumed to be via radioactive decay (Tb-infinity). After
extrapolation of the data, we assumed that the largest uptake value (%/organ),
regardless of its actual time point (15 min., 1, 2 or 4 hours), was the initial
uptake and calculated the residence time based on this value. The residence
time, r, was then found using the following equation:

r - 1.443 f T

where f is the uptake (%) times 0.01 and T is the physical half life hours.

All excretion of the DAP and DAME was assumed to be via the urinary pathway.
The urinary excretion was fitted, using nonlinear least squares regression (SAAM
code, or Simulation, Analysis and Modeling), to a biexponential function. The
urinary bladder residence times of the eight arsino-labeled compounds were
determined using the dynamic bladder model of Cloutier et al. (18) with 2.0 h and
4.8 h voiding intervals. Activity in the remainder of the body was determined by
subtracting the measured tissue and excreted activity from 100 percent. The
residence time of the remainder of the body was also calculated using a nonlinear
least squares regression (SAAM code) calculation.

RESULTS

The extrapolated values for the tissue biodistribution of the DAP and DAME are
listed in Tables 2 and 3. The data in Tables 2 and 3 were obtained using As-76
labeled DAP and DAME. The maximal uptake (%injected activity/organ) of the DAP and
DAME for all listed tissues, excluding excretion, occurred during the first two time
points, implying that uptake was rapidly completed. There were also notable
decreases in retained activity in most tissues sampled by the 4-hour time point
implying that some activity is removed from those tissues through biological
processes. The uptake of the DAME compound was substantially higher than the DAP
uptake in the brain, lung and kidney. Uptake of the DAP and DAME were similar in
the heart, liver and spleen. Washout of the DAME compound appeared to be greater
than that of DAP for all sampled tissues. The cumulative excretion of the DAME
compound was substantially higher than that of the DAP compound for times greater
than 1.0 hour. The differences in tissue uptake/washout and excretory pattern
previously mentioned caused the activity calculated to be in the remainder of the
body to remain much higher for the DAP compound at times greater than 1.0 hour and
later.
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Table 2

Dimethylarsinopeniciilamine (DAP)
Percent Injected Activity (Human values)

Organ

Brain
Heart
Lung
Liver
Spleen
Kidney
Excreted
Remainder

0.25 h

0.19
0.52
4.92
4.04
0.40
1.94

18.80
69.19

1.0 h

0.24
0.54
4.41
4.30
0.42
2.06

23.90
64.37

2.0 h

0.19
0.27
2.99
3.02
0.31
1.82
32.60
58.80

4.0 h

0.17
0.18
2.63
2.82
0.28
1.72

42.90
49.30

(remainder—100%-sum of other tissues)

Table 3

Dimethylarsinomercaptoethanol (DAME)
Percent Injected Activity (Human Values)

Organ

Brain
Heart
Lung
Liver
Spleen
Kidney
Excreted
Remainder

0.25 h

0.89
0.62
8.48
4.90
0.42
1.50

19.90
63.29

1.0 h

1.02
0.58
8.58
4.08
0.32
0.92

37. 50
47.00

2.0 h

1.02
0.37
5.62
1.97
0.23
0.54

49.30
40.95

4.0 h

0.39
0.14
1.49
0.85
0.10
0.27
69.10
27.67

(remainder=100%-sum of other tissues)

Table 4 lists the half-lives and decay energy per disintegration
(particulate and photon) of the four arsenic radioisotopes in which we were
interested. The As-72 radionuclide will produce the greatest amounts of both
photon energy and total energy per disintegration than the other three
radionuclides listed. The calculated residence times for the DAP and DAME
compounds are listed in Tables 5 and 6.

Table 4

Half-Lives and Emitted Energy of Arsenic Isotopes

Isotope

As-72
As-74
As-76
As-77

Half-Life

26
17
26
38

h
.8
3
8

days
h
h

Particulate

2
0
2
0

(rad

19
57
26
49

Photon

g//xCi h)

3.76
1.61
0.91
0.02
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Table 5

Residence Times (h)
Dimethylarsinopenicillamine (DAP)

Organ

Brain
Heart
Lung
Liver
Spleen
Kidney
Urinary Bladder

Uptake(%)

0.24
0.54
4.92
4 30
0.42
2.0'.,

As-72

0.090
0.203
1.846
1.613
0.158
0.773
0.9911

2.42

As-74

1.479
3.329
30.329
26.507
2.589
12.699
1.181

2.912

As-76

0.091
0.205
1.867
1.632
0.159
0.782
0.9931

2.42

As-77

0.134
0.302
2.755
2.408
0.235
1.153
1.051

2.552

void interval: '2.0 h 24.8 h

Urinary excretion model: ^-.17, Tb=0.007; f2-.83, Tb-7.31

Table 6

Residence time calculation (h)
Dimethylarsinomercaptoethanol (DAME)

Organ

Brain
Heart
Lung
Liver
Spleen
Kidney
Urinary Bladder

Uptake(%)

1.02
0.62
8.58
4.90
0.42
1.50

As-72

0.38
0.23
3.22
1.84
0.16
0.56
1.121

2.862

As-74

6.29
3.82
52.89
30.21
2.59
9.25
1.221

3.182

As-76

0.39
0.24
3.26
1.86
0.16
0.57
1.131

2.862

As-77

0.57
0.35
4.80
2.74
0.24
0.84
1.161

2.962

void interval: :2.0 h 24.8 h

Urinary excretion model: ^-.20, Tb-0.116; f2-.8O, Tb-2.92

The dose estimates for the arsino-labeled compounds are contained in Tables
7-14. Each arsino-labeled compound has two dose estimates, corresponding to
urinary bladder voiding intervals of 2.0 h and 4.8 h.

Tables 5 and 6 show that the DAP and DAME compounds, when labeled with
As-74, have substantially larger residence times for all organs than the other
three arsenic labeled compounds. The As-74 labeled compounds have residence
times that are 16.4-fold higher than the As-72 labeled compounds. The residence
times of the other arsenic labeled compounds are also lower than the As-74 by a
factor of 11.0 and 16.2 (As-77 and As-76, respectively). This is due to the
assumption of infinite biological half-time. The dose estimates for the As-74
labeled DAP and DAME are also higher than those of DAP and DAME labeled with the
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other three arsenic radioisotopes. The ratio of organ doses from As-72, As-76
and As-77 to the organ doses associated with the As-74 radiolabel are smaller
than the residence time ratios because the decay emission energy per
disintegration is more complex. The amount of particulate energy emitted per
disintegration for As-72 and As-76 is virtually equivalent and much larger than
that of As-74 and As-77. The large particulate contribution to absorbed dose for
As-72 and As-76 compensates for the shorter half-life of As-74, thus reducing the
relative differences in absorbed doses for As-74 versus As-72 and As-76. With
the short half-life and relatively small amount of emitted decay energy
associated with As-77, the absorbed doses are the smallest of the four arsenic
labeled compounds. As a general trend, the doses to the brain, lung, kidney and
total body for the DAME compound were larger than those of the DAP compound.

Table 7

Radiation Dose Estimate for As-72
Labeled Dimethylarsinomercaptoethanol

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

9
2
5
1
7
2
3
7
3
6
1
1
6
9

2

mGy/MBq

.3E-O2

.1E-01

.6E-01

.3E+00

.7E-01

.1E+00

.2E-O2

.8E-02

.8E-02

.4E-01

.9E-02

.9E+00

.3E-O2

.2E-02

.0 h void

rad/mCi

3.5E-O1
7.6E-O1
2.1E+00
4.8E+00
2.8E+00
7.8E+00
1.2E-01
2.9E-O1
1.4E-01
2.4E+00
7.1E-O2
6.9E+OO
2.3E-01
3.4E-01

9
2
5
1
7
2
6
8
4
6
4
4
1
1

4.8

mGy/MBq

.5E-O2

.1E-01

.6E-01

.3E+00

.7E-01

.1E+00

.8E-02

.OE-02

.5E-O2

.4E-01

.7E-O2

.7E+00

.5E-01

.0E-01

hl873Xvoid

rad/mC i

3.5E-01
7.6E-01
2.1E+00
4.8E+00
2.8E+00
7.8E+00
2.5E-01
3.0E-01
1.7E-01
2.4E+00
1.7E-01
1.7E+01
5.5E-O1
3.8E-O1
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Table 8

Radiation Dose Estimate for As-72
Labeled Dimethylarsinopenicillamine

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney-
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

2.0

mGy/MBq

8.1E-02
5.OE-O2
4.8E-01
1.8E+00
6.7E-01
1.2E+00
2.8E-02
6.9E-O2
3.OE-O2
6.3E-01
1.7E-O2
1.6E+00
5.6E-02
6.9E-02

h void

rad/mCi

3.0E-01
1.8E-01
1.8E+00
6.5E+00
2.5E+00
4.5E+00
1.1E-01
2.5E-O1
1.1E-01
2.3E+00
6.2E-02
6.1E+00
2.1E-01
2.6E-01

4.8 h

mGy/MBq

8.2E-02
5.OE-O2
4.8E-01
1.8E+00
6.7E-O1
1.2E+00
5.8E-02
7.0E-02
3.5E-O2
6.3E-01
4.0E-02
4.0E+00
1.3E-01
7.8E-O2

void

rad/mCi

3.0E-01
1.8E-01
1.8E+00
6.5E+00
2.5E+00
4.5E+00
2.2E-01
2.6E-01
1.3E-01
2.3E+00
1.5E-01
1.5E+01
4.7E-01
2.9E-01

Table 9

Radiation Dose Estimate for As-74
Labeled Dimethylarsinomercaptoethanol

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

2.0 h

mGy/MBq

6.7E-01
1.0E+00
2.8E+00
6.1E+00
3.9E+00
9.5E+00
6.7E-O2
5.6E-01
2.5E-01
3.0E+00
1.5E-O2
6.0E-01
7.5E-O2
4.6E-01

void

rad/mCi

2.5E+00
3.8E+00
1.0E+01
2.3E+01
1.4E+01
3.5E+01
2.5E-01
2.1E+00
9.1E-01
1.1E+01
5.5E-02
2.2E+00
2.8E-01
1.7E+00

4.8

mGy/MBq

6.7E-01
1.0E+00
2.8E+00
6.1E+00
3.9E+00
9.5E+00
8.5E-02
5.7E-01
2.5E-01
3.0E+00
2.9E-02
1.5E+00
1.2E-01
4.7E-01

h void

rad/mCi

2.5E+00
3.8E+00
1.0E+01
2.3E+01
1.4E+01
3.5E+01
3.1E-01
2.1E+00
9.3E-01
1.1E+01
1.1E-01
5.7E+00
4.4E-01
1.7E+00
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Table 10

Radiation Dose Estimate for As-74
Labeled Dimethylarsinopenicillamine

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

2.0 h

mGy/MBq

5.8E-01
2.5E-01
2.3E+00
8.2E+00
3.4E+00
5.5E+00
6.3E-02
4.9E-01
1.9E-01
3.0E+00
1.4E-02
5.8E-01
7.2E-02
3.4E-01

void

rad/mCi

2.2E+00
9.2E-01
8.6E+00
3.0E+01
1.2E+01
2.1E+01
2.3E-01
1.8E+00
6.9E-01
1.1E+01
5.2E-02
2.2E+00
2.7E-O1
1.3E+00

4.8 i

mGy/MBq

5.8E-01
2.5E-01
2.3E+00
8.2E+00
3.4E+00
5.5E+00
8.0E-O2
5.0E-01
1.9E-01
3.0E+00
2.6E-02
1.4E+00
1.1E-01
3.5E-01

I void

rad/mCi

2.2E+00
9.2E-01
8.6E+00
3.0E+01
1.2E+01
2.1E+01
2.9E-01
1.8E+00
7.1E-01
1.1E+01
9.7E-02
5.2E+00
4.1E-01
1.3E+00

Table 11

Radiation Dose Estimate for As-76
Labeled Dimethylarsinomercaptoethanol

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

2.0 h

mGy/MBq

2
1
5
1
6
2
7
1
9
5
4
1
1
6

.3E-02

.8E-01

.0E-01

.2E+00

.4E-01

.0E+00

.6E-03

.9E-02

.2E-03

.6E-01

.6E-03

.7E+00

.5E-02

.5E-02

void

rad/mCi

8
6
1
4
2
7
2
7
3
2
1
6
5
2

.4E-02

.6E-01

.8E+00

.5E+00

.4E+00

.5E+00

.8E-02

.OE-02

.4E-02

.1E+00

.7E-02

.3E+00

.6E-02

.4E-01

4.8 h void

mGy/MBq

2.3E-02
1.8E-01
5.0E-01
1.2E+00
6.4E-01
2.0E+00
1.6E-02
1.9E-02
1.1E-02
5.6E-01
1.1E-02
4.3E+00
3.6E-02
7.OE-02

rad/mCi

8.5E-02
6.6E-01
1.8E+00
4.5E+00
2.4E+00
7.6E+00
6.1E-02
7.2E-02
4.OE-02
2.1E+00
4.2E-02
1.6E+01
1.3E-01
2.6E-01
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Table 12

Radiation Dose Estimate for As-76
Labeled Dimethylarsinopenicillamine

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

2.0 h

mGy/MBq

2
4
4
1
5
1
6
1
7
5
4
1
1.
4.

.0E-02

.2E-02

.2E-01
7E+00
6E-01
2E+00
9E-O3
7E-02
1E-03
6E-01
1E-03
5E+00
3E-02
8E-02

void

rad/mCi

7
1
1
6
2
4
2
6
2
2
1
5
5
1

.3E-02

.6E-01

.6E+00
1E+00
1E+00
3E+00
5E-02
1E-02
6E-02
1E+00
5E-O2
5E+00
0E-02
8E-01

4.8 h

mGy/MBq

2
4
4
1
5
1.
1.
1.
8.
5.
9.
3.
3.
5.

0E-02
2E-O2
2E-01
7E+00
6E-01
2E+00
4E-02
7E-02
4E-03
6E-01
5E-03
6E+00
0E-02
2E-O2

void

rad/mCi

7.
1.
1.
6.
2.
4.
5.
6.
3.
2.
3.
1.
1.
1.

4E-02
6E-01
6E+00
1E+00
1E+00
3E+00
2E-02
3E-O2
1E-02
1E+00
5E-02
3E+01
1E-01
9E-01

Table 13

Radiation Dose Estimate for As-77
Labeled Dimethylarsinomercaptoethanol

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body

2.0 h

mGy/MBq

7.4E-04
5.3E-02
1.5E-01
3.7E-O1
1.9E-01
6.3E-01
1.9E-04
6.3E-04
2.8E-04
1.7E-01
1.1E-04
3.6E-O1
3.7E-04
1.8E-02

void

rad/mCi

2
2
5
1
7
2
7
2
1
6
3
1
1
6

.7E-O3

.0E-01

.4E-01

.4E+00

.0E-01

.3E+00

.1E-04

.3E-O3

.0E-03

.4E-01

.9E-04

.3E+00

.4E-03

.6E-02

4.8 h

mGy/MBq

7
5
1
3
1
6
4
6
3
1
2
9
8
1

.5E-04

.3E-02

.5E-01

.7E-01

.9E-01

.3E-01

.OE-04

.4E-04

.2E-04

.7E-01

.6E-04

.3E-01

.6E-04

.8E-02

void

rad/mCi

2.8E-O3
2.0E-01
5.4E-01
1.4E+00
7.0E-01
2.3E+00
1.5E-O3
2.4E-03
1.2E-O3
6.4E-01
9.7E-04
3.4E+00
3.2E-O3
6.8E-O2
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Table 14

Radiation Dose Estimate for As-77
Labeled Dimethylarsinopenicillamine

TARGET ORGAN

Adrenals
Brain
Heart Wall
Kidney
Liver
Lungs
Ovaries
Pancreas
Red Marrow
Spleen
Testes
Urinary Bladder Wall
Uterus
Total Body ,

2.0 h

mGy/MBq

6.4E-04
1.3E-O2
1.3E-01
5.1E-01
1.7E-01
3.6E-O1
1.8E-04
5.5E-04
2.2E-04
1.7E-01
9.5E-05
3.3E-01
3.4E-04
1.3E-02

void

rad/mCi

2.4E-03
4.6E-02
4.7E-01
1.9E+00
6.2E-01
1.3E+00
6.5E-04
2.OE-O3
8.0E-04
6.3E-O1
3.5E-04
1.2E+00
1.2E-03
4.8E-02

4.8 h void

mGy/MBq

6.5E-04
1.3E-O2
1.3E-01
5.1E-01
1.7E-01
3.6E-01
3.5E-04
5.6E-04
2.5E-04
1.7E-01
2.3E-04
8.0E-01
7.5E-04
1.4E-02

rad/mCi

2.4E-03
4.6£-02
4.7E-01
1.9E+00
6.2E-01
1.3E+00
1.3E-O3
2.1E-03
9.1E-04
6.3E-01
8.4E-04
3.0E+00
2.8E-O3
5.OE-O2

DISCUSSION

Dose estimates calculated from the residence times in Tables 5 and 6 are
very conservative because the retention in several organs (brain, heart, lung and
liver for DAP; brain, heart, lung, liver, spleen and kidney for DAME) is
substantially lower at the 4-hour time point than the retention used in the
residence time calculation (values at 0.25 hours or 1.0 hours). Using the uptake
values at these latter time points, one would estimate residence times, and
subsequently absorbed doses, for the organs listed above to be between 15% and
50% of the values listed in Tables 5 and 6.

The radiation absorbed doses were calculated using the MIRDOSE software (19)
developed by Michael Stabin of the Radiation Internal Dose Information Center of
Oak Ridge Associated Universities. Because the arsenic radionuclides emit a
substantial portion of their decay energy in the form of particulate rather than
photon radiations, the organs receiving the largest absorbed doses were the
organs for which retention values were measured (brain, heart, lung, liver,
spleen, kidney, urinary bladder wall and total body). For the same reason, the
absorbed dose to all organs except the urinary bladder wall, and to a very minor
extent total body, do not change as the bladder voiding interval varies. As
expected, the absorbed dose to the urinary bladder wall decreases as the bladder
voiding interval decreases.

The differences in absorbed doses among the radiolabels (As-72, As-74,
As-76 and As-77) of DAP or DAME were due to two factors. The most important
factor appears to be the differences in radioactive half-time of the four arsenic
isotopes. By assuming infinite biological half-times of the arsino-labeled
compounds, the organ residence times become functions of the uptake and
radiological half-time only. If, upon further investigations, these compounds
are determined to have biological half-times substantially less than the shortest
radiological half-life (As-72, T1/2 = 26 h) then the effective half-times of the
DAP and DAME (using the four different radiolabels) would be comparable. Under
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this scenario the absorbed dose estimates would vary, between different
radiolabels, solely due to amount and type of decay emissions. The second factor
was the different amounts and types of decay energy emitted per unit cumulated
activity as shown in Table 4.

The data analyzed by Turner(20), which was based on physiological studies in
patients carried out by Mealy et. al.(7), is listed in Table 15. A comparison
between radiation doses per MBq of As-72 and As-74 was presented for specific
tissues considered to be the critical organs. Table 16 shows the comparison of
selected organ dose estimates for the DAP and DAME compounds labeled with As-72,
As-74, As-76 and As-77.

Table 15

Absorbed Radiation Doses
for As-72 and As-74 Arsenate

(from Turner, ref. 20)

Tissue

Kidney
Liver
Whole body

Absorbed Dose
(mGy/MBq)

As-72

2.6
1.2
0.20

As-74

1.5
1.1
0.37

When comparing the values for distribution of DAP in the kidney, we have
found that radiation doses from As-74 are higher than those from As-72 and the
same is true for DAME. This is contrary to Turner's findings where the dose to
the kidney from As-72 is twice that from As-74. On the other hand, our data
revealed that radiation doses from As-72 to the liver is lower than that from As-
74. This disagreement is attributable to Turner's model of arsenate retention in
various organs having a finite biological half-time, whereas, we assumed that the
biological half-time is infinite.
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Table 16

Selected Radiation Absorbed Doses for
Arsenic-labeled DAME and DAP (mGy Mbq"1)

DAME

Tissue

Brain

Kidney

Lungs

Bladder Wall

As-72

1.6E-01

1.1E+00

1.9E+00

1.6E+00

As-74

4.1E+00

4.8E+00

8.2E+OO

4.5E-01

As-72

1.7E-01

1.2E+00

2.OE+00

1.6E+00

As-74

5.3E-O2

3.7E-O1

6.3E-01

3.5E-01

DAP

Tissue

Brain

Kidney

Lungs

Bladder Wall

As-72

3.8E-02

1.5E+00

1.1E+00

1.4E+00

As-74

1.6E-01

6.6E+00

4.7E+00

4.4E-01

As-72

3.9E-O2

1.6E+00

1.1E+00

1.5E+00

As-74

1.2E-02

5.1E-01

3.6E-01

3.3E-01

We conclude that the mouse model is useful for the study of the
biodistribution pattern of selected arsenic labeled compounds for the initial
estimation of radiation doses to man. In order to extrapolate such data for the
purpose of calculating human dose estimates, the activity retention in the organs
of interest should be obtained at a minimum of six time points. We also
recommend, if possible, using a longer-lived radionuclide of arsenic so that
excretion samples may be collected. In future biodistribution and biokinetic
studies of arsenic labeled DAP and DAME, additional time points such as 8, 12 and
24 hours and urine/fecal data should be included so that the biological model may
be more fully characterized. Before these compounds may be used in a clinical
setting for diagnosis or therapy, the lesion uptake and washout must also be
quantitated and the doses estimated in that pathological scenario.
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ABSTRACT

Radiation dose estimates were calculated for the renal agents Tc-99m DTPA,
Tc-99m MAG3, and 1-131 OIH from biodistribution data gathered in groups of
healthy human volunteers and in a few children of various ages. Biokinetics were
evaluated by Anger camera imaging, blood sampling, and urine collection and
counting. Collected data were fit to four or five compartmental models using the
Simulation, Analysis, And Modeling (SAAM) software. Radiation dose estimates
were performed using standard MIRD techniques. Average residence times in
urinary bladder, kidney, and remainder of the body were used to predict radiation
doses for the three agents. Doses for DTPA and MAG3 were very similar and much
lower on a per unit injected activity than OIH. Residence times for the children
were fairly similar for most organs, and the radiation dose estimates varied
mostly according to the organ masses.

INTRODUCTION

For a number of years, there have been efforts to synthesize a
technetium-99m renal agent with biological properties comparable to 1-131
orthoiodohippurate (OIH) (1). In 1986, Fritzberg and others described a new
technetium complex, Tc-99m mercaptoacetyltriglycine (MAG3) which showed
considerable promise in recent animal experiments as a potential Tc-99m
replacement for 1-131 OIH (1-3). Preliminary studies of HPLC purified Tc-99m
MAG3 in normal volunteers indicated that plasma clearance was less than that of
1-131 hippurate (OIH), the volume of distribution was less than that of OIH, the
renogram curves were comparable, and the percent injected activity in the urine
at 30 minutes was essentially identical. Furthermore, the Tc-99m MAG3 images
were of superior quality compared to those of 1-131 OIH (4). These results have
subsequently been confirmed in patients and volunteers using both the HPLC
purified MAG3 and a kit formulation of the complex (5-9). The image quality of
Tc-99m MAG3 also compares very favorably to Tc-99m DTPA, particularly in patients
with impaired renal function (10-12). Tc-99m diethylenetriaminepentaacetic acid
(DTPA) is a popular agent for visualization of the kidneys and measurement of
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glomerular filtration rate (GFR). Its dosimetry has been well described by the
MIRD Committee (13).

Since Tc-99m MAG3 may be used as a substitute for 1-131 OIH or Tc-99m DTPA,
we have determined its dosimetry based on its distribution and retention in a
series of healthy adult volunteers and we have compared the dosimetry of Tc-99m
MAG3 with that of 1-131 OIH and Tc-99m DTPA using identical iuethods of data
acquisition and data analysis. Renal agents are also used extensively in
children, and a secondary focus of this effort was to gather some kinetic data in
children of different ages, as available, and estimate radiation doses for these
individuals.

METHODS

The MAG3 used in this study was supplied as a kit formulation by
Mallinckrodt, Inc. of St. Louis, MO. The DTPA came from Syncor, Chatsworch, CA
(6 patients) and Ackerman Nuclear, Bedford, MA (5 patients). 1-131 OIH was
supplied by Mallinckrodt, Inc.

Eleven volunteers received Tc-99m DTPA; eight were given Tc-99m MAG3 and
eight were given 1-131 OIH as single intravenous injections. Four children were
studied with Tc-99m MAG3; their ages were 8 days, 2.5 years, 5 years, and 14
years. Adult patients received about 185 MBq of Tc-99m MAG3 and Tc-99m DTPA, and
about 11.1 MBq of 1-131 OIH. The children received 40 MBq, 91 MBq, 63 MBq, and
150 MBq of Tc-99m MAG3, respectively. The biokinetics of the agents in the
kidneys were determined through Anger camera images acquired posteriorly over the
kidneys and stored in a minicomputer at 20 seconds per frame for 20 minutes. The
activity in both kidneys as a function of time was estimated from regions of
interest. The system was calibrated by imaging a kidney phantom in a water bath
with the center of the phantom at depths from 5 to 8 cm. The kidney depth for
each volunteer was estimated by the formulas of Tonnesen et al. (14) and was used
in determining the calibration factors. In the children, the liver was also
included in the posterior images during the first 20 minutes of the study.
Attenuation correction factors were obtained by static imaging of the kidneys and
liver in the anterior and posterior projections immediately following the dynamic
portion of the study using the geometric mean technique described by Thomas et
al. (15).

Blood or plasma samples were taken at about 3 to 5 minute intervals for the
first half hour and at about 60, 120, and 180 minutes. For OIH, whole blood
samples were used to be sure that the samples included any OIH incorporated into
the red cells. For DTPA and MAG3, only plasma samples were analyzed for initial
retention since neither Tc-99m MAG3 nor DTPA are incorporated into red cells to
any significant degree (1,16). Urine samples were obtained in adults at 30
minutes after injection and then again between 180 and 240 minutes after
injection; the percent injected activity in each voided specimen was determined.
In children, urine samples were collected at various times as excretion occurred.

Collected data in blood, kidneys, and cumulative urine were reduced to
represent percent of injected activity as a function of time after injection.
These data were fit to models containing four or five compartments of various
configurations using the Simulation, Analysis, And Modeling (SAAM) software (17)
on a VAXstation computer using the VMS operating system. The models for the
three agents are shown in Figures 1 through 3. In these figures, F^ is the
percent of injected activity in compartment i at time t, LXJ is the coefficient
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for transfer of activity from compartment j to i per unit time (min'1), and CL is
a proportionality constant (dimensionless). In SAAM, multiple compartments may
be linked through use of these proportionality constants to fit a single data
set.

Remainder of body

1

mJL!L31

3

Kidneys I L 4 3

C1"F3 + C2#F4
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L54 |

Integral Bladder 5

= C1
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FIGURE 1. Model for Tc

8 Voiding Bladder

99m DTPA

Remainder of body = C1*F1+C2*F2
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Integral Bladder

121

L
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FIGURE 2. Model for Tc-99m MAG3.
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Model for 1-131 OIH.

In all models, compartment 1 is the compartment into which tracer is
injected and from which tracer is cleared. This compartment includes the blood,
but also includes spaces outside the blood, as indicated by the fact that the
volume of distribution of this compartment may be several times the actual blood
volume (18). Compartment 2 (in the case of OIH, compartments 2 and 3) represents
tracer that is distributed throughout the body, but is not available to the
kidneys for clearance. Compartment 4 (in the case of DTPA compartment 3 and 4)
represents the kidneys. We have included the kidneys as a compartment (in the
case of DTPA, two compartments) only as a convenient mathematical device to fit
the curves. The kidneys do not fit the assumptions of a well-mixed compartment,
but we are able to take advantage of the SAAM software to produce fitted curves
that agree well with the measured time-activity data. For the pediatric data,
two compartments were added to the model to simulate liver uptake (Figure 4).

Liver
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3
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FIGURE 4. Model for Tc-99m MAG3, including liver.

The periodic voiding of the urinary bladder was modeled by adding a separate
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The periodic voiding of the urinary- bladder was modeled by adding a separate
bladder compartment that was cleared at regular intervals. The original bladder
compartment was retained to match the model results to the observed cumulative
urinary excretion. A technique within the SAAM software allows the user to
simulate this compartment and compensate for the additional transfer pathway by
subtracting an equivalent amount from the feeding compartment in real time. For
the pediatric patients, the bladder voiding was modeled as it occurred during the
data collection, i.e. the exact times that sample was collected were used as the
voiding times. In the two youngest children, some of the activity was collected
in a diaper which was counted directly for activity. The activity in this sample
was assigned to the next void time. After the last observed void, the voiding
bladder in the kinetic model was emptied at intervals of 5 hours for the 14-year
old, 2 hours for the 5 and 2.5-year old, and 1 hour for the newborn.

In the SAAM software, a nonlinear least squares regression algorithm
adjusts the transfer rate coefficients (L^'s in Figures 1 through 3) to obtain
the best fit of the model to the observed data. When a solution is converged
upon, SAAM will calculate the time integrals of activity in each compartment by
numerical integration techniques. If the input data and conversion constants are
entered into SAAM in the proper form, these integrals are exactly the values of
residence time, r, needed to calculate radiation dose estimates by the MIRD
technique (19). Values of r were calculated separately for each individual and
averaged for kidney, urinary bladder, and remainder of the body (and liver, in
the pediatric cases). We used the software MIRDOSE (20) for estimating the
radiation doses after the average values of r were obtained from SAAM. For the
pediatric patients, phantoms were assigned based on patient mass. The newborn
phantom was used for the 8-day old patient, the 5-year phantom for the 2.5 and 5-
year old patients, and the 15-year phantom for the 14-year old.

RESULTS

Detailed results of this study for adults have been published (21). Here,
we will present only the final radiation dose estimates for the adults and our
results for the children studied. Characterization of the radiation dose as a
function of age awaits a comprehensive study of the kinetics in different age
groups, which has been undertaken by a task group of the MIRD Committee.

The pediatric data were considered to be too limited at this time to
recommend values of transfer rate coefficients. Table 1 lists the observed
residence times in the major organs of the children studied.
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TABLE 1

Residence Times For Tc-99m MAG3 Observed In Pediatric Patients

Patient Age

8 days

2.5 years

5 years

14 years

RESIDENCE TIMES (hr)

Remainder of Body

9.21E-1

3.40E-1

5.70E-1

1.87EOO

Kidneys

8.30E-2

7.20E-2

8.40E-2

1.85E-1

Bladder

7.20E-1

5.20E-1

6.00E-1

7.01E-1

Liver

7.80E-2

6.30E-2

2.70E-1

8.50E-2

In the adults, residence times were calculated separately for each
individual and then averaged. Radiation dose estimates based on these average
values of r are listed in Table 2 for the three agents for typical clinical
injections, and for two different bladder voiding intervals. Table 3 lists
radiation dose estimates for the pediatric patients.

DISCUSSION

The multicompartmental models employed to fit the data were chosen for their
utilitarian value, and, as such, are not useful for making interpretations about
the metabolic processes which produced the kinetic data. For example, as noted
above, the kidneys do not meet the criteria for being a well mixed space.
Therefore, the transfer rate coefficient from compartment 4 to 1 (L^) for MAG3
does not indicate recirculation of the radionuclide, but is a mathematical device
for causing the compartmental model to fit the data. These compartmental models
provide an adequate vehicle for calculating the radiation dosimetry, but should
not be used to project results beyond their scope.

Radiation dose estimates obtained for Tc-99m DTPA are in good agreement
with those generated by the MIRD Committee in their Dose Estimate Report (13).
Based on typical clinical administrations (Table 2), absorbed doses for the
Tc-99m agents are about three to ten times higher than those for 1-131 OIH, for
about thirty times more administered activity. For the 4.8 hour voiding
schedule, dose estimates for red marrow and bone surfaces are lower for MAG3 than
for DTPA, but all other organ doses are slightly higher. This uniform 4.8 hour
bladder voiding interval is often assumed to represent an average adult voiding
schedule with no encouragement to more frequent voiding. If the patient voids
first at 30 minutes and then at four hour intervals, bladder wall, ovaries and
testes doses will be reduced by factors of 2 to 3, and kidney dose by about 10
percent. In this case, doses for most organs are slightly lower for MAG3 than
for DTPA.

In these limited data, no trends could be observed in organ residence times
for MAG3 with age (Table 1). Actually, most of the residence times were quite
similar to each other. The values for kidneys tended to be very similar to those
in adults, except for the oldest patient. This individual had a very high
maximum kidney uptake, about 35%. Bladder residence times were considerably
lower than adults, as would be expected. Remainder of the body residence times
were considerably higher, perhaps indicating a slower overall clearance and
contributing to the lower bladder residence times. Because of the similarity of
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the residence times for kidney and bladder across the ages, the dose estimates
mostly reflect changes in organ mass and orientation, and increase with
decreasing age. For the 14-year old, the higher residence times in kidneys and
remainder of the body cause higher absorbed doses in most organs than expected.
However, it must be stressed that these data are preliminary, and any true trends
with age will only be demonstrated with a larger population.

TABLE 2

Estimated Radiation
Injections* of Tc

ORGAN

Kidneys

Ovaries

Red Marrow

Bone Surfaces

Testes

Urinary Bladder Wall

Uterus

Effective Dose
Equivalent

Tc

(1)

1

2

0

0

1

35

4.

3.

.4

.0

56

81

4

1

3

Dose Equivalents for Adults foi
-99ra-DTPA, Tc-99m-MAG3, and I-]

ESTIMATED

-99m-DTPA

(2)

1.4

1.3

0.45

0.68

0.88

19

2.4

2.0

RADIATION DOSE

Tc-99m-MAG3

(1)

1

2

0

0

1

44

4.

3.

5

2

37

52

5

8

7

(2)

1.4

0.86

0.18

0.25

0.59

17

1.9

1.5

- Clinical
L31-0IH

EQUIVALENTS

0

0

0

0

0

14

r

0.

I-

(1)

17

23

046

034

18

53

99

(mSv)

131-OIH

0

0

0

0

0

4

0

0

(2)

.16

.06

.017

.051

.051

.0

.15

.28

(1) Bladder voided every 4.8 hours.
(2) Bladder voided at 30 minutes, then at 4 hours, then every

4 hours thereafter.
* 370 MBq of Tc-99m DTPA or MAG3 and 11.1 MBq of 1-131 OIH.

440



TABLE 3

Radiation Dose Estimates For Tc-99m-MAG3 In Pediatric Patients*

ORGAN

Kidneys

Ovaries

Red Marrow

Bone Surfaces

Testes

Urinary Bladder Wall**

Uterus

Total Body

ESTIMATED RADIATION DOSE (mGy)

Newborn

1.9

***

0.29

0.47

0.70

14

***

0.37

2.5-yr old

0.83

***

0.093

0.14

0.29

5.3

***

0.12

5-yr Old

0.71

0.28

0.10

0.16

***

4.3

0.52

0.13

14-yr Old

1.8

***

0.26

0.40

0.38

5.8

***

0.27

Administered activity 40 MBq in newborn,91 MBq in 2.5-year
old, 63 MBq in 5-year old, and 150 MBq in 14-year old.

** Bladder voided at different times, as occurred in the study.
After all observed voids, voidings were assumed to be at 1 hour in
newborn, 2 hours in 2.5 and 5-year old, and 5 hours in 14-year old.

*** Sex of patient precluded calculation of these quantities.

Liver and gallbladder imaging was not performed in the a<iult volunteers
during this study. In ten normal adult volunteers, Taylor et al. (9) noted a
liver uptake of 2.6% in the first hour, dropping to about 0.5% by 3 hours. They
noted about 0.5% in the gallbladder in the first hour and also at 3-4 hours post
injection. Radiation dosimetry for these patients agreed well with the estimates
generated in this study for the kidneys, bladder, ovaries, testes, and marrow.
Their estimates of radiation dose to the liver and gallbladder were 0.0014
mGy/MBq and 0.0041 mGy/MBq, respectively.
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ABSTRACT

The aim of this investigation was to study the biokinetics of Tc-99m HM-PAO
in children of different ages and to calculate the mean absorbed dose to various
organs as well as the effective dose. Eight children aged between 7 weeks and 18
years were scanned with a gamma camera in anterior and posterior views at 1, 7
and 24 hours post-injection. The activity in the brain, lungs, liver, kidneys
and in the intestines was quantified. Urine was collected during a 24-hour
period.

The fraction of activity taken up in the brain shows a strong age-dependence
with higher values for young children. There also seems to be a weak age-
dependence for the liver uptake. For the other measured organs, there was no
significant age-dependence. After 24 hours, the fraction of injected activity
excreted in urine was on the average 35% (corrected for physical decay).

The mean absorbed dose to the total body and the effective dose (calculated
with the same weighting factors for children as for adults) is 12 times higher
per unit activity for a newborn than for an adult. However, if the activity at
an investigation is administered in proportion to the body weight, the effective
dose to children of all ages is close to the effective dose to an adult.

INTRODUCTION

There is a need for optimization in all radiodiagnostic procedures, but this
is especially important when children are investigated. The greater radiosensi-
tivity of children and of neonates has been recognized for a long time [1].
Moreover, members of these age-groups have a longer life-expectancy which
provides a potential for late manifestation of harmful radiation effects. Recent
observations indicate that the risk of dying from a radiation-induced cancer
during the rest of the life may be about three times higher for a newborn baby
than for the average member of the population [2,3] and about ten times higher
than for the typical nuclear medicine patient. Therefore, optimization work
should start in pediatric nuclear medicine as well as in pediatric radiology.
Such optimization in nuclear medicine requires knowledge about the biokinetics
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and dosimetry of the radiopharmaceutical used, as well as the diagnostic informa-
tion obtained from different amounts of injected activity.

Tc-99m HM-PAO (hexamethyl propyleneamine oxime) has rapidly become the
reference radiopharmaceutical for cerebral olood flow studies using single photon
emission tomography (SPECT). The substance is now also frequently used in
pediatric patients, especially for the diagnosis of epilepsy and neurocirculatory
disorders. The aim of this investigation was to collect biokinetic data during
such investigations and to estimate the absorbed doses to children of different
ages.

MATERIAL AND METHODS

PATIENTS

Eight children, four girls and four boys, aged between 7 weeks and 18 years
have been studied. The age and diagnosis of each patient is shown in Table 1.
All the patients were referred to the clinic for routine investigations of
cerebral blood flow.

RADIOPHARMACEUTICAL

Tc-99m HM-PAO (Ceretec™, Amersham International pic, U.K.) was prepared
according to the manufacturer's recommendations. All the injections were given
within 20 minutes after preparation. An intravenous cannula was inserted into
the arm half an hour before the injection. The amount of injected activity was
based on the patient's body weight (about 10 MBq/kg) with activities ranging
between 60 and 670 MBq. No premedication was given before the injection. The
six youngest patients were under general anesthesia during the tomographic
examination (SPECT).

Table 1

Patients included in the study, wk=weeks,
mths=months, yrs=years, M=male, F=female

Patients

1

2

3

4

5

6

7

8

Age

7 wks

8 mths

1 yr 5 mths

6 yrs 0 mths

7 yrs 3 mths

10 yrs 9 mths

13 yrs 3 mths

18 yrs 10 mths

Sex

M

M

M

F

F

F

M

F

Diagnosis

Epilepsy

Progressive
encephalopathy

Epilepsy

Epilepsy

Epilepsy

Epilepsy

Trauma

Epilepsy
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MEASUREMENTS

The measurements were performed with a gamma camera (General Electric
400/AT) equipped with a low-energy high-resolution collimator and with a 20%
energy window centered around 140 keV. In addition to the clinical SPECT study,
the patients were scanned using the gamma camera in both anterior and posterior
views at approximately 1,7 and 24 hours post-injection. The first scan was done
either before or just after the SPECT study, the time-interval between the
injection and the first scan varied between 20 minutes and 1.6 hours. Urine was
collected during a 24-hour period, except for the 7 week old boy where no urine
was collected. For patients number 2 and 3, plastic bags were used to collect
urine. The older children voidrd in a plastic bottle. Every voiding was
collected and measured separately. The activity in the urine was measured with a
Nal(Tl) detector.

QUANTIFICATION OF ORGAN UPTAKES

Regions of interest (ROIs) were drawn to define the brain, lungs, liver,
kidneys, gallbladder and intestines in the gamma camera images. Soft-tissue
background was subtracted from the kidneys, gallbladder and intestines. The
amount of activity in the organs was calculated using conjugate counting [4].

The activity A in an organ is given by:

fSinh(/y/2)
-1

xK

L
K

counts in the anterior projection
counts in the posterior projection
the effective linear attenuation coefficient
the mean thickness of the organ
the mean thickness of the body at the organ
the sensitivity of the gamma camera, counts per MBq

The effective linear attenuation coefficient fietI was measured for the
actual combination of camera and collimator, using a small (0= 10cm) and thin
(d= 4mm) source filled with Tc-99m solution. /ieff was found to be 0.126 cm"

1.
The dimensions of the head and the body were measured for each patient and the
thickness of the organs was estimated from the size of the patient.

In order to apply the correct attenuation correction over the lungs, the
effective thickness was calculated. The density of the lungs was assumed to be
0.3 g/cm3 [5] and the density of the over- and underlaying tissue to be 1.0
g/cm3. For an adult, the average body thickness over the lungs is 20.0 cm and
the thickness of the lungs is 14.9 cm [5]. The same proportions between body and
lung thickness were assumed to be valid for children of all ages.

The activity in the non-specified organs was calculated by subtracting the
urinary excreted amounts and by subtracting the amounts in the specifically
measured organs. We assumed that no activity had been excreted as faeces during
the first 24 hours post-injection due to the long residence time in the gastro-
intestinal tract.

446



CUMULATED ACTIVITY

The initial uptake in the different organs was estimated from extrapolation
of the first two measurements. The biological half-times were calculated for two
time - intervals, 1-7 hours and 7-24 hours, since only three measurements were
performed on each patient. The cumulated activity, A(t), was then calculated by
assuming the same biological half-time after 24 hours as between 7 and 24 hours.

To calculate the cumulated activity in the liver, gallbladder and gastroin-
testinal tract, we made a simple excretion model (Figure 1). The parameters of
the model were fitted to the measured values and the initial liver uptake was
assumed to be 25%. We also assumed that 35% of the activity excreted from the
liver was temporarily stored in the gallbladder and that the remaining 65% was
directly excreted into the intestine. These are the fractions ICRP 53 [6] gi"es
for the technetium-labeled iminodiacetic acid (IDA) derivatives. The gallbladder
was assumed to empty at 6 and 24 hours post-injection. The time interval of six
hours was chosen because this was the average time between the injection and the
first meal afterwards. Three quarters of the radioactive material present in the
bile was assumed to be excreted at every emptying. The mean residence times used
for the gastrointestinal tract are the same for all ages and are the ones used in
ICRP 53 [6].

Liver

(30%)

X = 0.058 h"1

(40%)

X = 0.00 h"1

(30%)

Gall-
bladder

X
SI

ULI

LLI

Emptying at
6h
24 h

Mean residence times:

4h (ICRP 53)

13 h (ICRP 53)

24 h (ICRP 53)

Figure 1. The liver excretion model. SI = small intestine, ULI
large intestine, LLI - lower large intestine.

upper

The cumulated activity in the urinary bladder was calculated by making a
biexponential fit to the curve describing the urinary excretion. A standard 3.5
hour voiding interval was assumed according to ICRP 53 [6].
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ABSORBED DOSES

The absorbed doses to the children were calculated using the standard MIRD
formalism [7] with specific absorbed fractions for children of different ages,
0,1,5,10 and 15 years [8]. For the calculation of the absorbed dose to the
bladder wall, age-dependent mean bladder volumes were used according to ICRP 53.
Effective dose equivalents [9] and effective doses [3] were also calculated for
the different ages using the same weighting factors as for the working population
and for adults.

RESULTS

Figure 2. Relative content of Tc-99m in various organs at 3 different times
after injection of Tc-99m HM-PAO in 8 children of various ages

Figure 2a. Boy, 7 weeks Figure 2b. Boy 8 months

100

jU urine
§ intestines
• non-specified
• gallbladder
• lungs
B liver
• brain

1.5 7.2 23 1.6 6.2 25

time p . i . (h) time p . i . (h)

* Estimated value based upon the 24-hour value and model used to describe the
excretion via the Gl-tract.
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Figure 2c. Boy, 1 yr 5 months Figure 2d. Girl, 6 yrs 0 months

Hi urine
§ intestines
• non-specified
D gallbladder

8 kidneys
lungs

• liver
I brain

0.50 7.0 24 0.43 6.6 25

time p . i . (h) time p . i . (h)

Figure 2e. G i r l , 7 yrs 3 months Figure 2f. Gi r l , 10 yrs 9 months

unne
intestines
non-specified
gallbladder
kidneys
lungs
liver
brain

0.40 7.0 25 0.33 7.0 23

time p . i . (h) time p . i . (h)

* Estimated value based upon the 24-hour value and the model used to describe
the excretion via the GI-tract.
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Figure 2g. Boy, 13 yrs 3 mos. Figure 2h. Girl, 18 yrs 10 mos.

100

urine
intestines
non-specified
gallbladder
kidneys
mngs
liver
brain

0.38 5.7 22 0.62 7.0 23

time p.i. (h) time p.i. (h)

* Estimated value based upon the 24-hour value and the model used to describe
the excretion via the GI-tract.

ORGAN UPTAKES

The estimated relative content in the different organs at the three
occasions is shown in Figures 2a to 2h. All values are corrected for physical
decay. The activity content in the non-specified organs is a smaller part of the
total activity in the younger children than in the older ones. For the two
youngest patients, it was not possible to outline all the organs which were
studied for the other patients, so the fractions in the non-specified organs are
not comparable with those for the older children.

Figure 3 shows the initial uptake in the brain versus age. There is a
strong age dependence in the brain uptake, with high values for the very young
patients. The boy aged 1 year and 5 months had more than 20% of the injected
activity in the brain. The oldest patient, age 18 years, had 5.9%.

The initial liver uptake versus age is shown in Figure 4. There may be a
weak age dependence. The mean value for all ages is 21% of the injected activi-
ty. No age dependence was observed for the other organs. The mean initial
uptake for all ages was for the kidneys 7.0% and for the lungs 7.8%. The
activity in the intestines was only measured in the 24-hour image. The mean
value was 17% of the injected activity.

The urinary excretion of the substance showed no age dependence (Figure 5).
After approximately 24 hours, the average excreted via urine was 35%.
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0 8 12 16
time p.i. (h)

20 24

boy 8 mths
boy 1 yr 5 mths
girl 6 yrs

girl 7 yrs 3 mths
girl 10 yrs 9 mths
boy 13 yrs 3 mths
girl 18 yrs 10 mths

Figure 5. Cumulated urinary excretion for patients of different ages.
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CUMULATED ACTIVITY

Table 2 shows the cumulated activities for the different organs. The age of
each patient is rounded off to the closest of the ages 0, 1, 5, 10, 15 years or
adult. There was no obvious age dependence in the cumulated activity in the
kidneys, lungs, liver, or in the urinary bladder contents. In Table 2, the mean
values for all ages are given for these organs. The cumulated activity in the
brain and the non-specified organs are given separately for each age.

Table 2

Cumulated activity per unit activity administered (hours).

Organ

Bladder cont

Brain

Gallbl. cont

SI cont

ULI cont

LLI cont

Kidneys

Liver

Lungs

Non-specified

Newborn

0.32

1.4

0.17

0.22

0.28

0.14

0.34

1.3

0.49

2.9

1

0

1

0

0

0

0

0

1

0

2

year

.32

.8

.17

.22

.28

.14

.34

.3

.49

.6

5

0

1

0

0

0

0

0

1

0

3

year

.32

.1

.17

.22

.28

.14

.34

.3

.49

.1

10 year

0.32

0.94

0.17

0.22

0.28

0.14

0.34

1.3

0.49

2.9

15

0

0

0

0

0

0

0

1

0

3

year

.32

.74

.17

.22

.28

.14

.34

.3

.49

.5

Adult

0.32

0.50

0.17

0.22

0.28

0.14

0.34

1.3

0.49

3.8
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ABSORBED DOSES

Table 3a

Tc-99m HM-PAO. Mean absorbed dose per unit activity administered (mGy/MBq).

Organ

Adrenals

Bladder wall

Bone surfaces

Brain

Breast

Gall bladder
wall

GI-tract

Stomach wall

SI wall

ULI wall

LLI wall

Heart wall

Kidneys

Liver

Lungs

Red marrow

Muscles*

Ovaries

Pancreas

Skin

Spleen

Testes

Thymus

Thyroid

Uterus

Total body

Newborn

5

1

5

1

2

5

4

9

1

1

4

2

1

1

3.

3.

6.

6.

2.

4.

2.

2.

2.

5.

4.

.1

.8

.3

.8

.6

.0

.7

.5

9

4

0

0

8

2

0

2

0

0

3

0

9

9

9

2

5

E-02

E-01

E-02

E-02

E-02

E-01

E-02

E-02

E-01

E-01

E-02

E-01

E-01

E-01

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

1

2

7

2

4

1

2

2

4

8

5

1

8

8.

4.

1.

1.

2.

2.

9.

1.

1.

1.

1.

2.

2.

year

.4

.6

.6

.0

.1

.3

.1

3

1

8

8

1

2

9

4

4

5

7

4

8

2

2

3

5

1

E-02

E-02

E-02

E-02

E-02

E-01

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-03

E-02

E-02

E-02

E-02

E-02

E-02

5

1

4

1

2

6

7

1

2

4

3

1

4

4

2

8.

8.

1.

1.

5.

1.

7.

7.

7.

1.

1.

year

.5

.3

.5

.0

.4

.6

.3

.5

.5

2

1

8

6

6

5

0

5

7

3

1

3

7

8

5

2

E-02

E-02

E-02

E-02

E-03

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-02

E-03

E-03

E-02

E-02

E-03

E-02

E-03

E-03

E-03

E-02

E-02

10

1

2

9

1

3

4

8

1

2

2

7

3

3

1

5

5

9.

1.

3.

7.

4.

4.

4.

9.

7.

.0

.8

.5

.6

.9

.3

.3

.6

.8

.0

4

3

3

7

7

0

7

1

1

2

3

7

6

8

0

year

E-02

E-02

E-02

E-02

E-03

E-02

E-03

E-02

E-02

E-02

E-03

E-02

E-02

E-02

E-03

E-03

E-02

E-02

E-03

E-03

E-03

E-03

E-03

E-03

E-03

15

7

2

7

1

2

3

5

1

1

1

5

2

2

1

4

3.

6.

7.

2.

5.

3,

3.

3.

6.

4.

.3

.0

.0

.2

.7

.4

.5

.0

.8

2

4

4

2

3

2

7

8

4

2

0

1

6

2

7

9

year

E-03

E-02

E-03

E-02

E-03

E-02

E-03

E-02

E-02

E-02

E-03

E-02

E-02

E-02

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

Adult

5

1

5

8

2

3

4

8

1

1

4

2

1

8

3

3.

5.

5.

1.

3.

2.

2.

2.

5.

3.

.9

.6

.7

.4

.2

.0

.2

.0

.4

0

3

0

8

9

5

0

5

9

8

9

4

9

6

5

9

E-03

E-02

E-03

E-03

E-03

E-02

E-03

E-03

E-02

E-02

E-03

S-02

E-C?

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

E-03

* In the calculation of effective dose, oesophagus has been assumed to receive
the same absorbed dose as muscle.
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Table 3b

Tc-99m HM-PAO. Effective dose and effective dose equivalent
per unit administered activity (mSv/MBq).

Effective dose

Effective dose
equivalent

Newborn

8.5 E-02

1.1 E-01

1 year

3.7 E-02

4.8 E-02

5 year

2.0 E-02

2.4 E-02

10 year

1.3 E-02

1.5 E-02

15 year

8.8 E-03

1.1 E-02

Adult

6.9 E-03

8.8 E-03

The absorbed doses to children of different ages are given in Table 3a and
3b. The organs receiving the highest doses are gallbladder wall, kidneys, liver,
urinary bladder wall and upper large intestine wall. The mean absorbed dose to
the total body and the effective dose are 12 times higher per unit activity for
the newborn than for an adult.

DISCUSSION

In calculations of absorbed doses to children, the same biokinetic model as
for adults is generally used. This study shows significant differences in the
brain uptake depending on age, while the uptakes in the other specifically
measured organs do not show any significant age dependence. The differences in
the brain uptake may be explained by the fact that the brain in a small child
constitutes a greater part of the total body weight than in older children and
adults. Soundy and co-workers [10] have reported results from a biokinetic study
of Tc-99m HM-PAO in adults. They found that the brain uptake is 5.1% of the
injected activity and that the cumulated activity in the brain is 0.42 hours per
unit administered activity. The cumulated activity in brain in our study ranges
between 0.50 and 1.76 hours, with the lowest value for the 18 year old patient.

Villanueva-Meyer and co-workers [11] have studied the uptake of Tc-99m HM-
PAO in the lachrymal glands. Significant lachrymal gland uptake, mean 0.035% of
the injected activity, leading to an absorbed dose of 0.014 mGy/MBq, was only
found in 11% of the patients studied. Lachrymal gland uptake was not observed in
any of the patients included in our study, even though it has been observed in a
few of our other patients. It has not been taken into account in the present
dose calculations.

Uptake in the gastrointestinal tract tissue is important to the dosimetry.
This type of uptake has been reported for Tc-99m HM-PAO [10]; however, such an
uptake is difficult to quantify and it has not been included in our dose calcula-
tions .

Frequent measurements on children, especially very young ones, are diffi-
cult. Therefore it was not possible to do whole-body scans more often than 1, 7
and 24 hours post-injection. Since the first scans were done at approximately
one hour post-injection, early components with short half-times in the specifi-
cally measured organs may not have been observed. For adult volunteers, Soundy
and co-workers report components with short half-times, less than 1 hour, in the
liver (11.6% of injected activity with a half-time of 44 minutes) and in the
remainder (16.6% of injected activity with a half-time of 56 minutes). In our
liver model, we included a fast component, because this was indicated by the
amount of activity in the intestines in the 24-hour images. This component with

454



a short half-time does not contribute much to the absorbed dose in the liver, but
is important as an input to the gastrointestinal tract.

We also assumed that 35% of the activity excreted from the liver passes into
the gallbladder giving an absorbed dose to the gallbladder wall of 0.5 mGy/MBq
for a newborn. For the gallbladder wall, a more pessimistic assumption would
have been that 100% of the excreted activity passes through the gallbladder
giving an absorbed dose of 1.3 mGy/mBq. At the same time the absorbed dose to
the SI wall would reduce from 0.098 to 0.070 mGy/MBq, to the ULI wall from 0.19
to 0.13 mGy/MBq and to the LLI wall from 0.14 to 0.093 mGy/MBq for a newborn.

The mean residence times we used for the gastrointestinal tract are the ones
given by ICRP 53, with a total mean of 42 hours. Corazziari and co-workers [12]
have reported considerably shorter mean residence times for children, with a
total mean residence time of 24 hours. A standard urinary bladder voiding
interval of 3.5 hours was used. We chose this in spite of the fact that our
study shows that there are big differences in voiding frequency between different
individuals. However, 3.5 hours seems to be a reasonable approximation for
children of all ages.

Table 4

Activities and doses at examinations of patients of various
ages with Tc-99m HM-PAO (10 MBq/kg body weight).

Body weight (kg)

Administered activity (MBq)

Mean dose to total body (mGy)

Effective dose (mSv)

New-
born

3.5

35

1.6

3.0

1
year

10

100

2.1

3.7

5
year

20

200

2.3

3.9

10
year

33

330

2.3

4.2

15
year

57

570

2.8

5.0

Adult

70

700

2.7

4.8

The absorbed doses from an examination are determined by the amount of
activity administered. There is to our knowledge no published investigation on
the amount needed for an examination of cerebral blood flow with Tc-99m HM-PAO in
children of different ages. In our clinic we used 10 MBq per kg body weight.
Table 4 shows the mean absorbed dose to the total body and the effective dose.
The doses are calculated for an administration of 10 MBq per kg body weight. The
body weights for the different ages are also shown. Thus, the mean absorbed dose
to the total body as well as the effective dose to the children are close to the
doses to an adult if the amounts of activity administered are in proportion to
the body weight.
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AN ALTERNATIVE TO CONVOLUTION INTEGRALS FOR
RADIATION ABSORBED DOSE CALCULATIONS

Stabin MG and Watson EE
Oak Ridge Associated Universities

Oak Ridge, TN 37831-0117

ABSTRACT

A simple method is shown which estimates the cumulated activity
in a compartment which receives a time-varying input, without the
use of convolution integrals. The method can be used in place of a
convolution integral calculation if only cumulated activity is
needed. The method does not give the expression for the time-
dependence of activity in the compartment, only the integral of this
function. If the time dependence must be known, convolution
integrals or an equivalent method are needed.

INTRODUCTION

The absorbed dose in a tissue or organ from a radionuclide in
the body depends on the cumulated activity in each source organ.
Although the most desirable method for determining cumulated
activity is direct measurement of activity in the source organs,
this is not always possible; however, measuring activity in some
organs or tissues and applying mathematical principles of tracer
kinetics can often indirectly yield the required information. The
convolution integral technique is a powerful tool for calculating
cumulated activity in a compartment that has a time-varying input of
activity, but direct evaluation of convolution integrals can result
in complex and cumbersome calculations. In this paper, a method is
described which in significantly fewer steps will yield the same
value for cumulated activity as the convolution integral method if
the integration extends from the time of administration of activity
to infinity and if the retention functions are constant. This method
is not applicable when information about time behavior of activity
in the compartment is desired.

METHODS

A single compartment h which receives an instantaneous intake
of activity and has its output entering some other compartment k is
shown in Figure 1. For conceptual and mathematical simplicity these
two compartments are shown isolated, and the true complexity of a
biological system is not depicted. If all removal from the
compartments is governed by first-order kinetics, the compartmental
retention functions can be described by a sum of exponential terms.
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Figure 1. A

h
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k

Hypothetical Compartment Model
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To determine the cumulated activity in compartment k, the release of
activity from compartment h and the subsequent fractional uptake of
activity in k must be taken into account, as well as the loss from
k. The convolution integral solution for the cumulated activity in
compartment k will be calculated and compared with the solution from
a simpler, alternative method. An example, based on a hypothetical
iodine model will be shown.

RESULTS

Convolution Integral Method

To express the activity as a function of time in compartment k
from an instantaneous input at time zero into compartment h, we must
integrate until the time of observation all inputs from compartment
h into compartment k and all losses from compartment k since the
time of each input (1):

Ak(t) - Ao J J a i ^ e x p - ^ + A)r • 2 ^ exp-(7i + A)(t-r) dr (1)
1 J

where Ak^c) *s t*le activity in compartment k at time
t, and

AQ is the initial amount of activity in
compartment h,

oj is the fraction of activity in
compartment h associated with the
exponential in term i,

A^ is the biological disappearance constant
associated with term i,

A is the physical decay constant,

r is the time of an input from compartment
h,

fit is the fraction of initial activity in
compartment h associated with the
exponential term j of compartment k,
and

7.: is the biological disappearance constant
associated with term j.

The result of the integration is:

(2)

i j

A)t - exp-(7.j + A)t
Ak(t) - Ao 2 2 X 0

7j -

459



Therefore, the cumulated activity in compartment k will be:

^ + A)t - exp-(7j + A)t
Ak ~ Ao dr (3)

The result of this integration is:

Alternative Method

The total amount of activity that leaves compartment h and enters
compartment k will depend on the physical half life of the
radionuclide and the biological half time of the compound in
compartment h. If the physical half life is very short compared to the
biological half time, most of the atoms will decay in compartment h
and very few will be transferred to compartment k. If the physical
half life is very long compared to the biological half time in h, most
of the atoms will be transferred to compartment k. Quantitatively, the
amount of activity that will be transferred can be calculated from the
time integral of the biological removal function, which is simply the
time derivative of the biological retention function modified to
account for radioactive decay:

Akh " f\ A(t) dt (5a)

Akh d t

where A ^ is the amount of activity leaving
compartment h and entering k (Bq) and

A^ is the biological disappearance constant
(s"-*-) for compartment h.

The result of the integration of Equation 5b to infinity (for a single
exponential decay term) is:

Akh
A) (6a)

The total activity entering compartment k after introduction of
an initial quantity Ao into compartment h can also be calculated for a
sum of exponential terms:
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A k h - Ao S
i + A) (6b)

The activity in k as a function of time, Ak(t), is given by the
expression:

Ak(t) - A k h 2 /?, exp-(7i + A)t (7)

j

Because A k n is not a time dependent quantity, it can be treated as a
constant in the integration which defines the cumulated activity in
compartment k, Ak:

Ak ~ Akh J 2 0j exP"(7j + A)t dt (8)
•J

The result of the integration, after substitution of equation 6b, is:

1 \ (9)

Equation 9 is identical to equation 4, so the two methods produce
equivalent results under the conditions stated. Equation 9 may be
further simplified:

(10)

Example

As an example, we will calculate the radiation dose to the
thyroid from activity administered to a hypothetical compartment that
serves as input into the thyroid. The hypothetical compartment's
retention function for iodine is described by a sum of exponential
terms as follows:

R(t) - 0.6 exp(-2.5t) + 0.4 exp(-0.25t)

where R(t) is the fraction of the stable material that
would be retained in the compartment as a
function of time when t is expressed in days.

In this example, we will use the model for uptake and retention of
1-131 in the thyroid from MIRD Dose Estimate Report No. 5 (2).

Consider the steps required for the convolution theorem solution
(1). The activity as a function of time in the thyroid (Equation 1),
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including the physical decay constant for 1-131 of 0.0862 d"̂ -, would
be:

A t h (t) - 1 Bq / [(0.6)(2.5)(exp(-2.586r) +
(0.4)(0.25)(exp(-0.3362r))] •
[-(0.255)(exp(-2.822(t-r))
+ (0.255)(exp(-0.0969(t-r))] dr

The result of the integration is:

Athy(t) - 1 Bq |(0.6H2.5)(-0.255Uexp(-2.586t) - exp(-2.822t)
2.822 - 2.586

+ (0.6H2.5H0.255Hexp(-2.586t) - exp(-0.0969t))
0.0969 - 2.586

(0.4U0.25U-0.255Uexpf-0.3362t) - exp(-0.2.822t))
2.822 - 0.3362

+ C0.4U0.25U0.255Uexp(-0.3362t'> - exp(-0.0969t)-)
0.0969 - 0.3362

- 1 Bq [(-1.774)(exp(-2.586t) + (1.63)(exp(-2.822t)
+ (0.26O3)(exp(-0.O969t) - (0.1169)(exp(-0.3362t)]

Integrating, we obtain:

2.822 d"1 0.0969 d"1

1 Bq -1.774 + 1.63 + 0.2603

2.586 d'1

0.1169

0.3362 d'1

or A t h y = 2.23 Bq d = 1.93 x 10
5 Bq s.

Now consider the result predicted by the alternative method. The
expression for the total activity leaving the compartment (Equation
6b) is:

Akh = 1 Bq 0.6 /2.5 d"1 \+ 0.4/0.25 d"1

^2.586 d

A k h = 0.58 + 0.297 - 0.877 Bq.

10.3362 d"1;

Because the biological half times (0.28 days and 2.8 days) are both
short compared to the physical half life of 1-131, most (87.7%) of the
initial activity leaves the compartment. If the total activity leaving
the hypothetical compartment is treated as a pulse input to the
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thyroid (Equation 8), the cumulated activity in the thyroid would be:

Athy " °-877 -0.255

(0.114)(24)d'1 + 0.0862 d'1

+ 0.255

(0.000444)(24)d-X + 0.0862d-1

or A t h y - 2.23 Bq d - 1.93 x 10
5 Bq s.

This is the same cumulated activity as was calculated by the
convolution integral method. The radiation dose to the thyroid from
self-irradiation is the product of the cumulated activity A^y and the
S value for the thyroid irradiating the thyroid. From MIRD Pamphlet
No. 11 (3), the dose then would be 3.2 x 10"4 mGy. This agrees with
3.1 x 10 mGy, which would be obtained by multiplying the 8.77 x 10"'
MBq that enters the thyroid by the dose to the thyroid per unit 1-131
intake from MIRD Dose Estimate Report No. 5 (350 mGy/MBq) (2). The
difference is solely due to roundoff errors.

DISCUSSION

Because this alternative method yields identical results for
cumulated activity as does the convolution integral method, it is
preferable in routine use due to its calculational and conceptual
simplicity. It cannot be used, however, if the time history of
activity in subsequent compartments must be known or if integration of
activity is to be performed over a finite time interval.

What this method accomplishes is the evaluation of a time
dependent process as if it were a series of discrete events which
could be lumped together as a single event. In terms of analyzing the
number of disintegrations that occur in a series of compartments from
time zero to infinity, this analysis is valid. Consider the radiation
dose to segments of the gastrointestinal tract from a series of small
radioactive oral administrations as compared to one large
administration. If there are no interfering effects (such as shielding
of the organ walls by the food mass, or slowed digestion), these two
scenarios will result in identical radiation doses. In terms of the
amount of activity in any segment of the tract at a given time, the
two scenarios will give greatly different results.

The alternative method is based on the principle that the area
under a convolution of two functions is equal to the product of the
areas under these functions (4). Stated mathematically,

/(f*g) dx - (/f(x) dx). (/g(x) dx).
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Therefore, this method is applicable to any series of mathematical
functions.

When a power function model best describes the retention, the
calculation of cumulated activity cannot be completed with the simple
algebraic relationships presented here. Integration of any power
function with an associated exponential term can only be accomplished
through use of an expanded series of terms. The calculation of
cumulated activities through consideration of A^, using this
numerical value as input to subsequent compartments, will involve
evaluation of two series, as will the evaluation of the convolution
integral. The series terms in the convolution integral method,
however, will be much more complex.

CONCLUSION

A method has been presented which allows calculation of cumulated
activity in a compartment which has a time-varying input of activity.
The method has been shown to produce equivalent numerical results to
the convolution integral method while using less complex calculational
techniques. While this method will not predict the time history of
activity in compartments receiving time varying inputs of activity, it
offers significant advantage in the calculation of cumulated activity
for use in radiation dose estimates.
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Discussion of papers by A. Emran, M. Stabin, and E. Vestergren

SMITH T: Applying the simplistic hippuran model adopted in ICRP Publication 53
to 9anTc MAG3 leads to values of organ doses and an effective dose equivalent
within 10% of those presented by Dr. Stabin which were derived from a more
complex model. This result supports the use of the simple model for Che
inclusion of 9aTc MAG3 in the forthcoming update of ICRP 53.

I am surprised to hear that the blood clearance of 9aTc MAG3 is similar to that
of hippuran. Several published papers suggest that while the half-time of
clearance (A) is similar, the volume of distribution (V) of 99nTc MAG3 is only
about 60-70% of that of hippuran, leading to a clearance (V A ml/min) of 99mTc
MAG3 which is only about 2/3 that of hippuran (Britton et al, J. Nucl. Med.
1989).

STABIN: The graphs shown in the presentation demonstrated only the fractional
clearance of the agents from blood per unit time (k min"1). The plasma clearance
through the kidney (k times V where V is the volume of distribution) was not
measured or shown on the graphs. The rate constants were derived from the
observed decrease of activity in the blood or plasma, and, as you point out, are
similar for the two graphs.

STABIN: I have a question for Dr. Vestergren. How did you calculate the
effective dose equivalents for children? (i.e., what weighting factors were
used?)

VESTERGREN: I used the same weighting factor as for adults because there are no
others.

STUBBS: I have a question for Dr. Vestergren, too. In the graph you showed for
the retention at the varying ages, you showed that there appears to be a
relatively uniform value across all age groups with the exception of the 13-year-
old boy. Is this due to an increase in hormone levels due to puberty, or perhaps
the adrenal glands demonstrate increased retention and they are included in the
renal region of interest?

VESTERGREN: First I would like to say we only measured activity in the left
kidney because it is closer to the liver than the right side and the value you
measure is different for girls than for boys. It is the 10-year-old girl who had
an increased retention in the kidneys. I don't know why it was so high but it
was.

JABIR: Dr. Vestergren, I didn't really see any indication that you altered the
speed of the scan during your three imaging cycles. Have you done that to
contrive the physical and biological decay?

VESTERGREN: I just made a correction for the physical decay, I didn't change the
speed. Is that the answer to your question?

JABIR: My concern is using a region of interest to extract information from the
kidney or the brain. You run into a problem that the camera has connected a
certain number of columns for that region. Because you did not alter the speed
of the scan, perhaps you made the camera somehow less sensitive because there is
less activity in the organ of interest so the connective count should be less.
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VESTERGREN: Of course it is less, but I. have corrected that decay.

SMITH G: I have a question for Dr. Emran. I may have missed it but what are the
proposed clinical applications for radioarsenic compounds?

EMRAN: We are expecting to have the first clinical applications of radioarsenic
to be for imaging brain tumors using PET. This is based on the earlier studies
by Brownell and Sweet and Mallard and Fowler where they identified several types
of space-occupying lesions in the brains of patients with various types of tumors
with a success rate of approximately 80% confirmed by surgery.

JABIR: This is a question for Mike Stabin. Have you considered the hippuran to
be a diffusible or nondiffusible tracer? I think, in some cases or some
interfaces between your compartments, it can be considered a nondiffusible,
whereas in other compartments it may be considered a diffusible tracer.

STABIN: I think that this is getting at the idea of using a compartmental model
as a mechanistic model, which is probably the best application of a compartmental
model. The modeling we did, again, was strictly empirical, we didn't attempt by
the shape, by the number of rate transfer coefficients or their magnitude to
investigate or tease out any of that information. We were essentially just
trying to do a job of fitting the data to a compartmental model. The transfer
rate coefficients and the number of compartments didn't imply anything about
diffusibility, nondiffusibility, the size of different spaces or ti-at sort of
thing.

SMITH G: Dr. Stabin, do you have dosimetry estimates in patients with renal
insufficiency or transplanted kidneys?

STABIN: No, we have not calculated dose estimates for those situations yet, but
we shall. That is a needed piece of information, and we will try to include it
in the final paper.

SMITH G: I think it would be interesting to know what the difference between
MAG3 and hippuran would be in this situation, in the kidney especially. We've
seen a number of studies of renal scans in children with kidney transplants that
have retention of hippuran in the kidneys for days after they have the injection.

STABIN: In our last symposium, Carol Marcus of UCLA, did a study on hippuran.
She said that renal transplant patients have a cumulative dose from all of these
different studies that could be as high as 400 rad.
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ABSTRACT

Internal dosimetry was carried out as part of Phase I clinical studies of
99mTc-P53, a new myocardial perfusion imaging agent developed by Amersham
International pic. Six healthy male volunteers were studied, at each of two
centres, by separate i.v. administration of 99mTc-P53 (138-173 MBq), at rest and
following exercise. Biodistribution of 99mTc-P53 was examined by quantitative
gamma-camera imaging, using anterior and posterior views on eight occasions from
5 minutes to 48 hours post-injection. Geometric mean count rates were calculated
for whole-body and organs showing significant uptake, clearance was monitored,
and all excreted activity was collected throughout the studies. Biokinetic data
from the two centres were very similar. Blood activity fell rapidly to less than
0.2%/liter within 30 minutes; lungs and liver largely cleared within the first 4
hours; and initial heart uptake (about 1.2%) was well retained for 1 hour
followed by a slow fall. About 80% of the radiopharmaceutical was excreted by 48
hours, almost equally via kidneys and gut. After exercise, whole body retention
was consistently a few per cent higher than at rest even though some organs
cleared more rapidly; this may be explained by increased muscle uptake after
exercise. Residence times were calculated for 12 source organs and the remainder
of the body, and organ radiation doses were estimated using MIRDOSE 2. The
highest dose was 3 to 5 x 10"2 mGy/MBq (gall-bladder) followed by doses in the
range 1.5 to 3 x 10"2 mGy/MBq (GI tract and urinary bladder) based or. a bladder
voiding period of 3.5 hours. Effective doses were 8.90 x 10"3 and 7.1 x 10~3

mSv/MBq for the rest and exercise studies respectively. The effects, on
estimated organ uptakes and dosimetry, of correcting for variations in
attenuation were examined.

INTRODUCTION

For many years 201Tl has been accepted as the gold standard
radiopharmaceutical for the imaging of myocardial perfusion. Its disadvantages,
however, are well known and considerable research effort has been invesced in the

467



search for alternatives. The chief goals, in addition to good myocardial uptake
related to perfusion, include the ability to label with 99mTc by means of a
radiochemical procedure which is simple to perform. Thus, Amersham International
pic have developed a radiopharmaceutical 'kit' in which a freeze-dried
formulation known as PPN1011, on reconstitution with 99mTc-pertechnetate, yields
an injectate containing 99mTc-P53, a lipophilic technetium phosphine cation
(Figure 1).

EtO / X / \ 7 XOEt
EtO v y p, ,OEt

Figure 1. Chemical structure of P53.

Apart from allowing the preparation to stand at room temperature for 15
minutes prior to use, no additional procedures such as boiling are necessary.
Pre-clinical studies on animals have shown that 99mTc-P53 has good heart uptake
and efficient clearance from liver, lungs and blood and, using a 'wet
formulation' of 99mTc-P53, we have previously confirmed these observations
qualitatively in 3 healthy male volunteers (1). Now, in anticipation of the use
of the 'kit' formulation in diagnostic nuclear cardiology, this paper describes
investigations of the biodistribution and clearance of 99mTc-P53 following
intravenous administration in normal subjects, which also allowed the
determination of organ radiation dose commitments and hence an effective dose.

METHODS

SUBJECTS

Studies were performed at two UK centres, Northwick Park Hospital and
Clinical Research Centre combined at Harrow, and the Royal Infirmary at Aberdeen.
Six normal healthy male volunteers were recruited at each centre (age range 22-35
years) and each subject was investigated on two occasions, first at rest and, not
less than 7 days later, after exercise. The latter was achieved using an
exercise bicycle at Harrow and a treadmill at Aberdeen. Vital signs, ECG, blood
biochemistry, hematology and urinalysis were monitored throughout the studies.

QUALITY CONTROL AND INJECTION

Prior to injection, the radiochemical purity was checked by chromatography
(Gelman ITLC/SG strip) and the preparation was used only if the radiochemical
purity of the 99mTc-P53 complex was greater than 90%. In practice, it was
usually better than 95%. Injected activity was in the range 138-173 MBq (3.7-4.7
mCi) as measured in a 'Capintec' ionization chamber and appropriate counting
standards for blood and excreta samples were made up from the residual volume of
the preparation.
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After overnight fasting, the subject was injected via a cannula placed in
the opposite arm to that in which a blood sampling cannula was inserted.

In the exercise studies, injection was made when heart rate reached 85% of
the age-predicted maximum, after which exercise was continued for a further
minute.

CLEARANCE AND BIODISTRIBUTION

Following administration of 9aTc-P53, imaging was performed on 8 occasions
up to 48 hours, blood clearance was observed up to 24 hours, and total urine and
faecal clearance up to 48 hours (Figure 2).

Blood Samples

2 min

5 min

10 min

20 min

30 min

1 h

2 h

4 h

8 h

24 h

Imaging

5 min

30 min

1 h

2 h

4 h

8 h

24 h

48 h.

Urine
Col

- 0

2

4

8

12

24

lection

- 2 h

- 4 b.

- 8 h

- 12 h

- 24 h

- 48 h

Faecal

Collection

—

Individual

- stools up

to 48 h.

Figure 2. Protocol for biodistribution and clearance study.

Heparinized blood samples were withdrawn at the times shown and duplicate
0.5 ml samples were counted to determine the % of administered dose per liter of
blood. After centrifugation and separation from the cell pellet, plasma samples
were counted similarly.

Urine was collected in separate polytene bottles over pre-determined time
intervals and each was measured between two opposed large Nal detectors to
determine the % of dose excreted in urine during these intervals. Faecal samples
were collected individually in plastic cartons and measured in a similar manner.

Biodistribution was observed by gamma-camera imagii.j;, the first scans
commencing 5 minutes after injection. Different techniques were used at the two
centres. At Harrow, an IGE 400 AT gamma-camera (400 mm field of view) was
operated in whole-body scanning mode using a low energy diverging parallel hole
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collimator. Anterior and posterior views were obtained sequentially with the
subject lying supine and prone respectively. At Aberdeen,, an IGE 500A Maxicamera
(500 mm field of view) was used in static mode with a parallel hole low energy
general purpose collimator; at each scanning session, 6 anterior and 3 posterior
views were taken with overlap on adjacent views.

Regions of interest (ROI) were drawn around the whole body and those organs
showing significant uptake to determine their size and count content, and
adjacent small ROls were used to correct for body background. Special methods
were used for those abdominal organs that overlapped on the images. For example,
the counts due to kidney activity were assumed to be equal to twice those in the
left kidney which was easier to measure than the right kidney. Background
corrected counts in ROIs from anterior and posterior images were decay corrected
to the time of injection and then used to calculate geometric mean counts. All
organ and whole body retention was calculated in relation to the first whole body
geometric mean count which was obtained before any excretion had occurred and
hence represented 100% administered activity.

The curves describing whole-body retention (less contents of GI tract and
bladder), individual organ retention and blood clearance were fitted by eye by
multiexponential equations for convenience in calculating residence times. The
proportions of administered activity present in total urine and faeces (plus GI
tract content) at 48 hours were used to estimate the relative urinary and faecal
excretion fractions f,j and fF.

RESULTS

BIODISTRIBUTION AND CLEARANCE

Apart from minor differences the clearance and biodistribution data from the
two centres were very similar and therefore were pooled into a single group. The
data presented here represent mean (±SD) values for this group.

Whole-blood activity fell very rapidly to less than 0.2% of administered
dose/liter within 30 minutes and stabilized at about 0.1% dose/liter (Figure 3).
Initial clearance was slightly faster after exercise. Plasma concentration of
tracer initially was approximately twice that of red cells and accounted for
almost all blood activity in late samples.

In the early gamma-camera images obtained in the resting studies, uptake of
tracer was clearly evident in several organs: heart, lungs, liver, kidneys,
salivary glands, and there was early appearance of activity in gall-bladder, GI
tract and urinary bladder. Reduced uptake was seen in certain organs after
exercise, most noticeably in liver, lungs and salivary glands, whereas exercise
led to a marked increase in skeletal muscle uptake. Additionally, it was noted
that the appearance of activity in the GI tract and urinary bladder was
significantly delayed in the exercise studies. The reduced activity in liver and
lungs, in particular, resulted in a clearer image of the heart at an earlier
stage than in the resting study.
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Figure 3. Clearance of 99fnTc-P53 from whole blood.

Retention in total body (less contents of bladder and Gl tract) fell rapidly
within the first hour by about 20% in the resting study and 10% after exercise
(Figure 4). Thereafter there was a reduced but progressive fall up to 48 hours
when retention was 15% (rest) and 25% (exercise). Whole-body retention was
consistently higher following exercise despite reduced uptake in some organs,
because of enhanced muscle uptake.
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Figure 4. Retention of 99raTc-P53 in total body
(less contents of bladder and Gl tract).

Patterns of organ uptake and retention fell roughly into three categories:
1) those organs including heart, salivary glands and kidneys, which retained some
of their initial activity at least up to 24 hours (Figure 5); 2) those organs
including liver, lungs and thyroid in which retention rapidly fell to
undetectable levels within 4 - 8 hours (Figure 6); and 3) the hollow excretory

471



organs which showed high and variable amounts of activity within the first few
hours.

o
T3

0)

S 10 15 20

Time post injection (hour)
-•-rest -A-exercise

Figure 5a. Retention of 99nTc-P53 in heart.
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-•-rest -^-exercise

Figure 5b. Retention of 9aDTc-P53 in kidneys.

In the heart, initial uptake was about 1.2% in both studies but, in most
other organs, uptake after exercise was only 50% to 80% of that at rest.

Similar proportions of administered activity were excreted via GI tract and
urinary bladder. However there was a slight bias in favor of faecal excretion in
the resting study which was reversed after exercise (Table 1).
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Figure 6a. Retention of 9aTc-P53 in liver.
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Figure 6b. Retention of 99roTc-P53 in lungs.

Table 1

48 hour Excretion data

Study % dose in
total urine

% dose in total faeces
& GI tract content

Rest

Exercise

39

40

.0 ±

.7 ±

3.

3 .

7

7

46

35

.1 +

.4 ±

7

5

.5

.9

0.46

0.54

0.54

0.46

473



DOSIMETRY

The source organs and tissues identified in this study are shown in Figure
7.

Heart
Lungs
Liver
Gall-bladder
Kidneys
Salivary gland
Thyroid

Urinary bladder
GI tract

Remaining body

Figure 7. Source organs and tissues used for the dosimetry of 9aTc-P53.

Residence times in organs and whole body (Table 2) were estimated by
integrating the multiexponential effective retention equations and, in view of
the short half life of 9anTc, it was considered sufficiently accurate to
extrapolate the terminal retention component beyond the last data point.
Separate residence times were calculated for heart chambers and for heart wall.
The former was estimated from the residence time/liter of blood on the assumption
that the heart contains 0.5 liters of blood (2). Residence time in heart wall is
then the difference between the values for total heart and heart chambers. It
should be noted in this example that the summed residence times in specified
organs other than GI tract and urinary bladder represent only 15% of the total
residence time in whole body (less contents of GI tract and bladder) at rest and
9% after exercise.

Dose estimates per unit administered activity were obtained using the
MIRDOSE 2 dose calculation program obtained from Oak Ridge Associated
Universities which utilizes the following dose equation in which the 'S' value
for remaining body is calculated uniquely (3).

B - <, . r (mTB SC-3B

\ m

where

—i is the mean dose to target organ, t, per unit of
° administered activity

T is the residence time (h)
Ao is the administered activity
mass is mass (g)
TB.RB is total body;remaining body
St_s is dose to target organ, t, per unit residence time in s

The quantity in the brackets is an expression of S ^ ^ whose value depends on the
given biodistribution.
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Table 2

Residence times for 99mTc-P53 in organs and tissues
following injection at rest or during exercise

Organ

Total body
(less contents of
and GI tract)
Whole blood
(per liter)
Gall bladder
Heart: Total

Chambers
Wall

Kidneys (2)
Liver
Lungs (2)
Salivary glands
Thyroid
Remaining body
Bladder content:

GI tract content:

bladder

3.5h void
2.Oh void
SI
ULI
LLI

Residence
Rest

5.287
0.014

0.339
0.058
0.007
0.051
0.187
0.083
0.022
0.087
0.007
4.505
0.375
0.214
0.579
0.754
0.370

Time (hour)
Exercise

6.254
0.014

0.224
0.060
0.007
0.053
0.150
0.036
0.015
0.060
0.004
5.706
0.286
0.165
0.353
0.459
0.225

This program utilizes the ICRP GI tract model (4), modified for direct entry
of radioactivity into the small intestine, and the bladder model due to Cloutier
et al (5) to estimate residence times in sections of the GI tract and in the
bladder from the parameters of the retention equation for whole body (less
contents of GI tract and bladder) and the values for fF and fu.

Following ICRP 53 (6) a bladder voiding period of 3.5 hours (7) was
generally used but MIRDOSE 2 allows convenient comparison of alternative values.
Since the MIRDOSE 2 program does not incorporate 'S' values for salivary glands,
an 'S' value for salivary gland self dose was estimated from first principles
(Appendix) assuming that the glands are spherical and using values of absorbed
fractions interpolated from the data of Ellett and Humes (8).

At rest, the highest organ doses were received by the gall-bladder (4.9 x
10"2 mGy/MBq) followed by the walls of the GI tract (1.7 to 3.0 x 10"z mGy/MBq) ,
urinary bladder (1.9 x 10'2 mGy/MBq) and salivary glands (1.2 x 10*2 mGy/MBq) with
all other organs receiving less than 10~2 mGy/MBq (Table 3). After exercise, the
doses to the above organs were reduced to about 70% but doses to other organs
were slightly higher so that the total body dose was similar at rest and after
exercise.
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Table 3

Radiation dose to various organs from 9aTc-P53

Organ
Rest

mGy/MBq rad/mCi
Exercise

mGy/MBq rad/mCi

Adrenals
Brain
Breasts
Gall Bladder Wall
LLI
Small Intestine
Stomach
ULI
Heart Wall
Kidney
Liver
Lungs
Muscle
Ovaries
Pancreas
Red Marrow
Bone Surface
Salivary Glands
Skin
Spleen
Testes
Thymus
Thyroid
Bladder Wall
Uterus
Total Body

E-03 1.52 E-02
2.15 E-03
1.83 E-03
4.86 E-02
2.22 E-02
1.70 E-02
4.63 E-03
3.04 E-02
3.93 E-03
1.25 E-02
4.15 E-03
2.08 E-03
3.32 E-03
9.55 E-03
4.98 E-03
3.97 E-03
5.58 E-03
1.16 E-02
1.91 E-03
3.82 E-03
3.05 E-03
2.54 E-03
5.83 E-03
1.93 E-02
8.36 E-03
3.72 E-03

7.95 E-03
6.78 E-03
1.80 E-01
8.21 E-02
6.30 E-02
1.71 E-02
1.13 E-01
1.45 E-02
4.62 E-02
1.53 E-02
7.71 E-03
1.23 E-02
3.53 E-02
1.84 E-02
1.47 E-02
2.07 E-02
4.33 E-02
7.08 E-03
1.41 E-02
1.13 E-02
9.38 E-03
2.16 E-02
7.12 E-02
3.09 E-02
1.37 E-02

4.32 E-03
2.72 E-03
2.22 E-03
3.32 E-02
1.53 E-02
1.21 E-02
4.60 E-03
2.01 E-02
4.14 E-03
1.04 E-02
3.22 E-03
2.27 E-03
3.52 E-03
7.88 E-03
5.00 E-03
4.14 E-03
6.23 E-03
8.04 E-03
2.22 E-03
4.12 E-03
3.41 E-03
3.11 E-03
4.34 E-03
1.56 E-02
7.34 E-03
3.81 E-03

1.60 E-02
1.01 E-02
8.23 E-03
1.23 E-01
5.66 E-02
4.48 E-02
1.70 E-02
7.45 E-02
1.53 E-02
3.86 E-02
1.19 E-02
8.40 E-03
1.30 E-02
2.92 E-02
1.85 E-02
1.53 E-02
2.31 E-02
2.98 E-02
8.23 E-03
1.52 E-02
1.26 E-02
1.15 E-02
1.61 E-02
5.78 E-02
2.72 E-02
1.41 E-02

The effective dose (ED) (9) is 8.90 x 10"3 mSv/MBq at rest and 7.10 x 10"3

mSv/MBq after exercise for a 3.5 hour bladder voiding period. However, there was
only about a 12% range in ED for a change in bladder voiding period from 1 to 4.8
hours (Table 4).

Table 4

Effective dose (x 10"3 mSv/MBq) at rest and after exercise
for different bladder voiding periods.

Study Bladder voiding period (h)
2 3 3.5 4.8

Rest

Exercise

8

6

.19

.57

8

6

.48

.79

8

7

.77

.00

8.

7.

90

10

9.

7.

04

21

9

7

.24

.36
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It is of interest to note that these values of effective dose based on the
1990 Recommendations of the ICRP (9) are substantially lower, by about 20%, than
values of effective dose equivalent (EDE) that were originally calculated on the
basis of the 1977 Recommendations of the ICRP (10). For example, the EDE values
at rest and after exercise were 1.12 x 10"2 and 8.61 x 10"3 mSv/MBq respectively,
for a 3.5 hour bladder voiding period.

EFFECTS OF VARIATION IN ATTENUATION

In the above results, no account has been taken of variation in attenuation
of 99mTc gamma rays in different regions of the body, although observed good
recoveries of administered activity (retained and excreted) suggest that such
effects will be relatively small in this particular example. In the studies
undertaken at Harrow, transmission scans were performed on the six volunteers so
that these effects could be quantified. From these scans, attenuation factors
were obtained for the source organ regions considered above, and effective
thicknesses (cm H20) for these regions were interpolated from the relationship
between attenuation factor and thickness of a water phantom, obtained using the
transmission source. From these values of effective thickness, the absolute
activity in organs and regions was then interpolated from the relationship
between thickness and counting sensitivity, measured with known activity sources
in a water phantom of varying thickness. From a knowledge of the actual activity
of 99mTc administered, the uptake (% of administered dose) in individual organs
was calculated and compared with those estimated above without attenuation
correction.

Table 5

Effect on organ uptake estimations
of correcting for attenuation.

Organ

Heart
Lungs
Liver
Salivary gland
Thyroid
Gallbladder
Kidneys
GI tract
Urinary bladder

Uncorrected/Corrected Uptake

97.3
123.7
92.1
109.6
119.6
92.0
87.1
97.3
98.5

± 5.5
± 7.1
± 4.0
± 9.4
± 4.3
± 3.9
± 6.0
± 4.5
± 4.3

The magnitude of the effect of variation in attenuation of different organs
is illustrated in Table 5 for the data from the resting study, which indicate,
for example, that the method used above overestimates the uptake in lungs by 24%
and underestimates the uptake in kidneys by 13%. In the exercise study these
ratios are decreased because the counting sensitivity of the whole body
(counts/MBq administered) increased on average by 7.5% presumably as a result of
the enhanced uptake in skeletal muscle of the legs which are counted with
relatively higher sensitivity.
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Tabl.e 6

Effect on dose estimates of correcting for attenuation.

Dose (x 10"3 mGy/MBq)
Uncorrected (as %)

Heart wall
Lungs
Liver
Salivary gland
Thyroid
Gall-bladder
Kidneys
GI tract (LLI + UL1)
Urinary bladder

ED (x 10"3 mSv/MBq)

3.55
2.08
4.63
10.00
6.12
70.70
12.20
50.40
19.20

9.32

Organ Uncorrected Corrected Corrected

3.63 97.8
2.03 102.5
4.87 95.1
9.20 108.7
5.38 113.8

76.50 92.4
13.60 89.7
50.80 99.2
19.00 101.1

9.45 98.6

As shown in Table 6, for the resting study, the resulting radiation doses
reflect the above ratios (Table 5) to some extent but in some organs,
particularly the lungs, the difference is modified by radiation contributions
from the remaining body. The overall effect of correcting for attenuation on the
effective dose is only 1.4 and 2.8% in the rest and exercise studies,
respectively. However this small effect is partly due to the fact that, in this
example, the total residence time in specified organs was a small proportion of
total residence time and larger effects may occur for different biodistributions.

CONCLUSIONS

1. Biodistribution studies on 99Tc-P53 showed good heart uptake which
together with rapid clearance of activity from lungs and liver confirmed
its suitability to undergo clinical trials as a myocardial perfusion
imaging agent.

2. The rapid clearance of 99mTc-P53, roughly equally shared between the faecal
and urinary excretory routes, led to highest doses being delivered to the
walls of excretory organs.

3. Highest doses were estimated for the walls of the gall-bladder, namely 4.9
x 10"2 and 3.3 x 10"2 mGy/MBq at rest and after exercise respectively.

4. Following exercise, enhanced uptake in skeletal muscle led to higher whole-
body retention but a lower effective dose (7.10 x 10"3 mSv/MBq) than in the
resting study (8.9 x 10"3 mSv/MBq).

5. Variations in attenuation can lead to errors in the range ± 25% in
estimated organ uptake but the range of error in organ dose is smaller and
the error on the effective dose is less than 3%.
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APPENDIX

Values of St_s are available for all the source organs identified in this
study except salivary glands. Consequently the "S" value for salivary glands as
both source and target organ (self dose) has been calculated specially. The dose
to salivary glands from activity in other organs and vice versa has been ignored.
It can be shown, for example, that the dose to the thyroid from activity in the
salivary glands would be less than 10% of the actual thyroid dose, despite the
fact that the residence time in salivary glands is more than ten times that in
the thyroid.

CALCULATION OF THE SALIVARY GLAND (SG) 'S' FACTOR SSG^SG FOR
 99mTc

Weights of salivary glands for reference adult male (2).

Parotids (two) 50g

Submaxillary (two) 25g
Sublingual (two) lOg
Total salivary glands 85g

RADIONUCLIDE TRANSFORMATION DATA FOR 99nTc [ICRP 38 (11)]

Radiations MeV MeV/transformation

Non-penetrating 1.62 x 10'2

Penetrating:
7 1.405 x 10-1 1.25 x 10"1

XBem 1.9 x 1CT2 1.267 x 10"3

ABSORBED FRACTIONS (+) FOR SALIVARY GLANDS

On the assumption that the glands are spherical and that activity is
uniformly distributed within them, the following values of absorbed fractions
have been interpolated from data given by Ellett and Humes (8). These values
will be slightly overestimated if the glands are ellipsoidal.

Parotid
Submaxillary
Sublingual

0
0
0

.03

.024

.017

>0
>0
>0

.15

.13

I-I
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CALCULATION OF S VALUE

From Loevinger and Berman (12)

~ *f &l®

where A g.rad/(>iCih) - 2.134 x MeV/transformation
and * — <f>/m
where m — mass of salivary glands

Substituting the values of m, MeV/transformation and <f> gives the following SS&_SG
values for the 3 separate salivary glands:

(rad//iCih)

Parotid (one) 1.72 x 10"3

Submaxillary (one) 3.31 x 10"3

Sublingual (one) 7.88 x 10"3

Thus, if the salivary gland activity is uniformly distributed with unit cumulated
activity in the total gland, the dose to each single gland would be:

Parotid - 25/85 x 1.72 x 10"3 - 5.06 x 10'* rad
Submaxillary - 12.5/35 x 3.31 x 10"3 - 4.87 x 10"* rad
Sublingual - 5/85 x 7.88 x 10"3 - 4.64 x 10"* rad

Hence, the mean weighted S value -

1/85 (50 x 5.06x10"* + 25 x 4.87x10"* + 10 x 4.64x10"*)

i.e. SSG4.SG - 5.0 x 10"* rad//iCi h
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PRELIMINARY DOSIMETRIC EXPERIENCE WITH 1-131 M195
MONOCLONAL ANTIBODY IN ACUTE MYELOGENOUS LEUKEMIA

Graham MC, Scheinberg DA, Daghighian F, Pentlow KS,
Liu G, Divgi C, Capitelli P, and Larson SM
Memorial Sloan-Kettering Cancer Center

New York, NY 10021

ABSTRACT

M195 is a monoclonal antibody specific for the CD33 antigen found on myeloid
leukemia (AML) cells and is not present on normal hematopoietic cells. 1-131
M195 has been used to treat 16 patients with AML refractory or relapsed from
chemotherapy with escalating doses ranging from 50 mCi/m2 to 160 mCi/m2 on 4-6 mg
of M195. Patients at this dose level were imaged over time and the fraction of
activity in the liver, spleen, bladder, and thyroid was measured with gamma
camera imaging. Whole body retentions were measured at bedside with an
ionization chamber; data were then analyzed and fit with a standard statistics
package. The fraction of WB activity for a given organ as a function of time was
approximately constant for 5 out of 6 patients indicating equilibrium between
compartments. The volume of dilution and serum clearance derived from serial
blood samples were then fit with 2 exponentials and estimates of plasma dose from
nonpenetrating beta particles were calculated. Survival curves for peripheral
white blood cells (WBC's) were determined as a function of plasma dose with an
estimated LD37 ranging from 45 rads to 274 rads. Whole body doses were
calculated using the MIRD formulation and the penetrating component added to the
marrow dose. The conventional estimated marrow dose from plasma borne M195 is
equal to a fraction (0.2-0.4) of the plasma dose based on the AAPM guideline.
Alternatively, an upper limit to the marrow dose was also determined by
calculating the total activity in the blood, liver, spleen, thyroid, and bladder
and subtracting this from the whole body. The remaining activity was assumed to
be sequestered in the marrow and extracellular space. This new method provides
an average marrow dose (and thus dose to the resident leukemia) under the
assumption of uniform distribution of leukemia cells. Marrow samples taken at 1
hour and 72 hours at this dose level have a higher %-dose/g than plasma
indicating specific targeting of radiation. Marrow was estimated to contain up
to a kilogram of leukemia cells. Liver, spleen, and peripheral blood also
contain some target cells. Microdosimetric calculations were also performed.
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IN VIVO DISTRIBUTION AND DOSIMETRY OF Tc-99m MIBI IN MAN.

Leide, S. , Diemer, H.(*), Ahlgren, L. and Mattsson, S.
Departments of Radiation Physics and Clinical Physiology (*).

Lund University, Malmo General Hospital, S-214 01,
Malmo, Sweden

ABSTRACT

The biodistribution and dosimetry of Tc-99ra MIBI (methoxy isobutyl
isonitrile) which is used for myocardial imaging have been evaluated in 10
patients, 5 at rest and 5 under stress. After an intravenous injection the
substance is rapidly cleared from the blood and taken up in various tissues and
organs. The substance is mainly eliminated through the hepatobiliary system and
excreted via the gall bladder through the gastrointestinal tract and through the
kidneys. These organs will also get the highest absorbed doses, (2.6-6.7)10~2

mGy/MBq. The effective dose was calculated to be 1.1 X 10~2 mSv/MBq. A typical
examination starting with 500 MBq under stress and continuing with 700 MBq at
rest will give an effective dose of 13 mSv which is very similar to that of an
examination with 80 MBq Tl-201.

INTRODUCTION

Up to now the dominating myocardial perfusion imaging agent has been the Tl-
201 ion which is an analogue to the potassium ion. The useful photon energy of
Tl-201 is however too low for optimal gamma camera imaging. The long physical
half-life and the decay characteristics of Tl-201 are also drawbacks. Therefore,
the recently developed product for myocardial perfusion imaging, Tc-99m MIBI
(methoxy isobutyl isonitrile), is a very attractive alternative.

Tc-99m MIBI is rapidly taken up in muscular tissue in proportion to the
regional blood blow. It is localised in the cytosol of the myocytes. Due to
this intracellular binding the clearance of Tc-99m MIBI from the myocardium is
very slow (1). This intracellular binding prevents imaging at both rest and
stress after a single injection, which can be dont: with Tl-201. Thus two
injections are required if the examination has to be carried out both at rest and
under stress.

The substance is eliminated through the hepatobiliary system and to a
considerable extent, compared to most other Tc-99m labelled radiopharmaceuticals,
excreted through the GI-tract.

The purpose of this work was to extend the existing limited information on
biodistribution and dosimetry of Tc-99m MIBI in man (2,3) and to compare the
radiation exposure to Che patient with that of Tl-201 for typical myocardial
investigations.
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MATERIALS AND METHODS

THE PATIENTS

Ten patients referred to the nuclear medicine department for myocardial
imaging were studied. A complete examination consists of two parts: the first
day - an examination under stress, and the second day - an examination at rest.
To reduce the discomfort of the patients only one of the two parts has been
carried out for each patient. Five patients were injected while resting, all
male, mean age: 59 years (range: 48-71). Five patients were injected under
stress, one male and four female, mean age: 64 years (range: 55-79). All
patients were fasting during four hours prior to the injection.

For patients at rest, 700 MBq Tc-99m MIBI was injected intravenously, with
the patient lying on the gamma camera table. For the other five patients stress
testing was done with a bicycle ergometer according to the Scandinavian standard.
Then an intravenous injection of 500 MBq Tc-99m MIBI was given followed by one
more minute of cycling.

The patient got two glasses of heavy cream to drink immediately after the
injection in order to stimulate gall bladder contraction. This reduces the
activity in the gall bladder and may reduce it in the liver. This will also
reduce the disturbance from the liver in the tomographic images of the
myocardium.

RADIOPHARMACEUTICAL

MIBI (1.0 mg) was available as a dry-frozen kit in a glass vial into which
10 GBq ""TcO;," was added (enough for about 10 patients). The vial was then
placed in boiling water for 10 minutes. Quality control was carried out with
thin layer chromatography (aluminium oxide), to assure a radiochemical purity
better than 95%.

WHOLE BODY SCANNING

A square-field-of-view (50cm35cm) gamma camera (Toshiba GCA 901 A) equipped
with a parallel-hole, low-energy, general purpose, collimator was used to produce
anterior and posterior whole body scans 15 minutes, 6 hours and 24 hours after
the injection. The scanning speed of the gamma camera was 20 cm/min and the
length of the scan was 200 cm. Thus each scan session took 10 minutes starting
with the anterior one.

Regions of interest were drawn around different tissues and organs. The
activity in these organs and tissues was determined by the following equation

A = F]/Sgrp e
(^ 2> CD

where

NA and NP are the number of counts in the region of interest, anterior and
posterior ,'espectively.
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F is a gamma camera calibration factor (MBq/counts) achieved from phantom
measurements.

H is the average linear attenuation coefficient in soft tissue for photons of the
energy distribution in question. (0.13 cm-1 for 140 keV) .

L is the thickness of the patient at the region of interest.

Detector background was subtracted and the calculated activity was corrected
for physical decay of Tc-99m. Background from over- and underlaying tissues is
difficult to estimate due to varying amount of muscle tissue. For organs like
liver, heart, kidneys, spleen and the GI-tract this background is supposed to be
very low. The fraction of the injected activity, that is present in blood is
very low (<1%) after 15 minutes.

PHANTOM STUDIES

The calibration factor for the gamma camera was determined by phantom
studies. The phantom was made of two-litre and one-litre cylindrical plastic
bottles (Kautex, Germany) placed to simulate a person of 70 kg according to
Schmier (5). The same equation as described above (Eq.l) was used, the activity
in each bottle being known exactly. The activity was dispersed in the various
bottles to simulate the distribution of activity in the patients. The scanning
was performed in exactly the same way as the scanning of the patients and
corrections for varying thicknesses were also made in the same way.

BLOOD AND URINE SAMPLES

Blood samples were drawn at 15 minutes, 6 hours and 24 hours after the
injection. The activity in the blood samples was measured with two opposed
Nal(Tl) detectors (*=12.7 cm and h=10.2 cm).

Urine collection was done during 24 hours, starting directly after the
injection. The urine was collected in two-litre plastic cylindrical bottles
(Kautex, Germany). The activity was measured with a high purity Ge-detector
after adjustment of the volume up to 2000 ml using distilled water.

DOSIMETRY

The cumulated activity and the absorbed doses to the different organs were
calculated according to ICRP (6). The absorbed doses from Tl-201 per unit of
injected activity were taken from ICRP (6). The effective dose was calculated
according to the new ICRP 1990 Recommendations (7), with tissue weighting factors
as listed in Table 1.
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Table 1

Tissue weighting factors for
calculation of effective dose E (7)

Organ

Gonads

Bone marrow
Colon
Lungs
Stomach

Bladder
Breast
Liver
Oesophagus
Thyroid

Skin
Bone surface

Remainder

wt

• 20

0.12
0.12
0.12
0.12

0.05
0.05
0.05
0.05
0.05

0.01
0.01

0.05

Since there are no published data on S-values for the oesophagus, the
absorbed dose to that organ has not been estimated. The weighting factor for
oesophagus has been added to the remainder. Thus the remainder is given a tissue
weighting factor of 0.10.

RESULTS

PHANTOM STUDIES

With a known amount of activity in each plastic bottle and known number of
counts in different regions of interest, the calibration factor F (see Eq.l) was
determined for various parts of the phantom. As a mean value for total body, F
was found to be 4 78 X 10'5 MBq/count (2.09 X 10* counts/MBq)

BLOOD AND URINE SAMPLES

The results of the blood samples showed that the clearance of MIBI from the
blood was fast. Fifteen minutes after the injection only 0.5±0.1 % of the
injected amount of MIBI was present in the blood. The biological half-time TB of
75% of the activity in the blood was 2 hours; 25 % of the MIBI in the blood was
eliminated with a biological half-time which is very long compared to the
physical half-life of Tc-99m.

For patients at rest the 24 hour urine collection showed that 18±3 % of the
injected amount of MIBI was excreted in 24 hours. The corresponding figure at
stress was 12±1 %.
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WHOLE BODY SCANNING

Table 2 shows the uptake of MIBI in various organs at different times is
shown for rest and stress. The uptake is corrected for physical decay of Tc-99m.
The results are expressed as fractional uptake of injected amount of MIBI (%) ±
standard error of the mean (SEM).

Initially there is a high uptake of MIBI in the liver, 14±2 % of injected
amount MIBI. It is eliminated rather fast. The clearance of the substance from
the liver is bi- exponential, 89% with a biological half-time (TB) of 79 minutes
and 11 % with a biological half-time much longer than the physical half-life.
The uptake in the heart is 2 % at rest and 3 % under stress. From the heart the
clearance is slow, TB— 5 hours (75 %) under stress (25 % with a biological half-
time much longer than the physical half-life) and 15 hours (100 %) at rest.

Between rest and stress there is a significant difference in uptake of MIBI
by muscle tissue, thyroid, gall bladder and remaining tissues. There is a
significant difference in uptake between stress and rest for SI (small intestine)
contents, ULI (upper large intestine) contents and LLI (lower large intestine)
contents as well. However, both the uptake and the retention of the substance in
these tissues are highly individual.

Table 2

The fractional uptake of MIBI (%) and the standard error of the mean (SEM) at
different times in various organs, at stress and rest. "Other tissue" includes

skin, fat, salivary glands, mucous membrane and connective tissue.

Organ

Bladder cont.
Blood
Brain
Heart
Gallbladder
Kidneys
Liver
Lungs
Muscles
Spleen
Testes
Thyroid
SI contents
ULI contents
LLI contents
Other tissue
Urine
Faeces
Total

IS minutes

Rest

8.2±1.3
0.5 ±0.1
0.9±0.2
2.0±0.1
5.0±1.2
13±3.O
16±1.2
4.2±0.4
16±1.8
4.1 ±0.5
0.5±0.!
0.9±0.l
17±1.6
0.3±0.2
0.3 ±0.2
11.1*
0.0
0.0
100

Stress

6.8±0.8
0.5 ±0.1
0.8±0.2
3.1±0.4
1.9±0.5
12±2.7
13±1.7
4.9±0.6
36 ±4.2
3.0±0.4
0.6 ±0.2
0.6 ±0.1
9.2±2.0
1.8±0.7
1.3 ±0.6
4.5*
0.0
0.0
100

II
6 hours

Rest

4.5 ±3.8
0.2±0.1
0.5 ±0.1
1.6±0.2
1.7±0.7
4.0±1.2
2.6±0.5
2.7±0.5
17±1.8
1.0±0.2
0.4±0.1
0.4±0.l
2.1 ±1.4
34±7.8
5.7±4.4
10.5*
11.1*
0.0*
100*

Stress

2.0±0.8
0.2±0.1
0.3±0.l
1.7±0.2
0.6 ±0.3
4.3 ±1.0
2.1 ±0.3
2.8±0.3
37 ±4.4
1.0±0.1
0.3 ±0.1
0.3±0.1
4.5 ±1.4
23±3.1
5.2 ±4.0
7.5*
7.2*
0.0*
100*

1
1 24 hours

Rest

0.3 ±0.2
0.1 ±0.1
0.2±0.1
0.7±0.I
0.7±0.1
2.0±0.4
1.6±0.2
1.7±0.2
18±2.4
1.0±0.2
0.2±0.1
0.3 ±0.1
2.2±0.9
21 ±4.3
18±5.I
10*
18±2.7
4.0*
100*

Stress

0.4±0.1
0.1 ±0.1
0.3 ±0.2
0.6±0.1
0.2±0.1
1.2±0.3
1.2±0.1
1.5 ±0.2
36±4.5
0.4±0.1
0.2±0.1
0.2±0.1
l.9±0.2
28±7.0
5.8±1.8
0.9±0.2
12±0.7
9.1*
100*

Footnote: SI-Small intestine, ULI-Upper large intestine.
LLI-lower large intestine.
* estimated values

The whole-body scintigrams 15 minutes, 6 hours and 24 hours after injection
are shown in Figures 1,2 and 3 (stress).
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Figure 1. Whole-body stress scintigram 15 minutes
postinjection Tc-99m-MlBI
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Figure 2. Whole-body stress 6 hours postinjection
Tc-99m MIBI
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Figure 3. Whole-body stress scintigram 24 hours
postinjection Tc-99m MIBI

Table 3 summarises the biokinetic data in terms of fractional distribution -
Fs, biological half-time for an uptake or elimination component - T, fraction of
Fs taken up or eliminated with the corresponding half-life - a, and cumulated
activity in the organ per unit of administered activity - A/Ao. For those organs
where no significant difference can been seen between stress and rest the average
values are presented here. In the calculations the originally estimated values
were used for stress and rest respectively.
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Table 3

The fractional distribution (Fs), biological half-times (T) with corresponding
fraction of FB (a) , and the relative cumulated activity A/Ao

Organ (S)

Bladder contents

Blood

Brain

Heart

Gall blad. contents

Kidneys

Liver

Lungs

Muscles

Spleen

Testes

Thyroid

SI contents

ULI contents

LLI contents

F.

0.5 %

0.8 %

R: 2.0 %
S: 3.0 %

12 %

14 %

4.5 %

R: 17 %
S: 36 %

3.5 %

0.6 %

R: 0.9 %

S: 0.6 %

R: 17 %

S: 9.2 %

R:41 %

S:28 %

R:1.8 %

S: 5.8 *

T

2.0 h
00

3.0 h
OD

R:15h
S:4.5 h

00

2.9 h

79min
OD

3.7 h
00

R:oo
S:o=

1.9 h
OD

2.4 h

R:2.8h
OD

S:2.1 h
OD

R:2.60h
OD

S:3.3 h
OS

R:1.8h
OD

S:2.4b
oo

R:ll h
OD

S:2.1 h
OD

a

0.74
0.26

0.69
0.31

1.0
0.25
0.75

R: 8.3 min
S: 10 min

0.84
0.16

0.89
0.11

0.56
0.44

1.0
1.0

0.80
0.20

0.53
0.47

0.65
0.35
0.58
0.42

0.88
0.12
0.76
0.24

-1.0
1.0

-1.0
1.0

-1.0
1.0

-1.0
1.0

A/A,

2.0 min

1.1 min

2.3 min

R: 7.6 min
S: 8.7 min

28 min

20 min

15 min

R: 1.5 h
S: 3.2 h

7.2 min

1.8 min

R: 2.4 min

S: 1.6 min

R: 34 min
S: 24 min

R: 2.3 hr

S: 1.7 hr

R: 34 min

S: 23 min

Footnote: A minus sign in front of the fraction a, indicates
uptake.

R - rest.
S — stress.
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In Table 4 the absorbed doses (mGy/MBq) from Tc-99m MIBI to different
organs, both at rest and under stress are shown. The effective dose and the
effective dose equivalent per unit injected activity are also shown.

Table 4

Absorbed dose per unit injected activity, to different organs and the effective
dose and effective dose equivalent from Tc-99m MIBI. Rest compared to stress.

Organs

Adrenals

Bladder

Bone surfaces

Brain

Breast

Heart

Gall bladder

Stomach

SI

UL1

LLI

Kidneys

Liver

Lungs

Red marrow

Ovaries

Pancreas

Skin

Spleen

Teuca

Thymus

Thyroid

U us rut

Other tiuue

Effective do«e
equivalent
(mSv/MBq)

Effective dote
mSv/MBq)

Absorbed dose
(mGy/MBq)

Rest

4.5*10'

5.9*10'

5.0*10'

1.1*10'

1.8*10'

7.3*10'

2.8*1O2

6.0*10'

2.2*1O2

7.6*1O2

3.0*102

2.8* 102

7.8*10'

4.9* i 9>

3.5*10'

1.3*1O2

6.0*10'

1.6*10'

1.5*1O2

l.l*10J

2.2*10'

2.4*10'

8.1*10'

2.9*10'

1.5*1O2

1.2*10*

Stress

4.4*10'

4.8*10'

4.4*10'

8.9*10-*

1.2*10'

8.6*10'

3.0*102

5.0*10'

1.7*10-*

5.9*102

2.1*102 Jj
2.5* 102

7.1*10'

5.2*10'

3.2*10'

1.0*102

5.3*10'

1.3*10'

1.2*10*

1.1*10-*

2.2*10'

1.7*10*

6.5*10'

3.3*10'

1.2*10J

9.6*lfr»
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Table 5 shows a comparison between the absorbed doses (mGy/MBq) from a complete
examination with Tc-99m MIBI and with Tl-201.

Table 5
The absorbed doses to different organs and the effective dose from Tc-99m MIBI

compared to the absorbed and effective doses from Tl-201.

Organ

Adrenals

Bladder

Bone surfaces

Brain

Breast

Gall bladder

Heart

Stomach

SI

ULI

LLI

Kidneys

Liver

Lungs

Ovaries

Pancreas

Red marrow

Skin

Spleen

Testes

Thymus

Thyroid

Uterus

Other tissue

Effective dose (mSv)

Absorbed doses fmGv)
Tc-99mMIBI Tl-201
500+700 MBq 80MBq

5.3

6.5

5.7

1.2

1.8

34

9.4

6.7

24

82

32

32

9.0

6.0

14

6.9

4.0

1.8

16

14

2.7

25

8.9

3.7

13

4.1

2.9

27

-

2.2

-

18

9.6 .

13

15

29

43

14

9.6

9.6

4.3

14

-

11

45

—

20

4.0

4.5

17
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DISCUSSION

BIODISTRIBUTION

Tc-99m MIBI is taken up In the muscle tissue and the myocardium in
proportion to the blood flow. The substance is eliminated through the
hepatobiliary system and initially the content in the liver is high. Tc-99m MIBI
is excreted through the kidneys and to a considerable extent through the GI-
tract.

There is a significant difference in the biodistribution of Tc-99m MIBI
between stress and rest for the following tissues: muscle tissue, thyroid, gall
bladder and remaining tissues. The activity content in the small intestine,
upper large intestine and lower large Intestine also differs between stress and
rest.

The disparity in uptake between stress and rest in the muscles and
myocardium is due to the difference in blood flow. For patients under stress the
blood flow in these organs is high.

The content of Tc-99m MIBI in the GI-tract varies considerably between
individuals both in the patient groups under stress and at rest. Nevertheless
there is a significant difference between the two groups. The question whether
there is an uptake in the Gl-tract walls has been studied in rats (8). Andersson
et al. conclude that the Tc-99m MIBI is in contents of the GI-tract.

Since the uptake in the muscle tissue is lower at rest compared to stress
the substance reaches the GI-tract earlier at rest than stress. That is why the
content in ULI is higher 6 hours after injection at rest than stress. It is the
same reason why the content in ULI at 24 hours is lower at rest. By then the
substance has already reached the LLI.

The uptake in the "other tissues" is much lower at stress than rest due to
high uptake in the muscle tissue at stress. At rest there is more activity
homogeneously distributed in the "other tissues" like fat, skin, mucous membrane,
salivary glands and connective tissue.

THE ABSORBED DOSE

The absorbed dose from an examination with Tc-99m MIBI carried out both at
rest and under stress is highest for the upper large intestine, Table 4. As the
substance reaches the upper large intestine within 6 hours after injection, the
activity is still high. When passing the lower large intestine the activity of
Tc-99m has decreased considerably due to decay of Tc-99m and due to long colon
transit time.

Another organ which receives high absorbed doses is the gall bladder,
because a large fraction of the activity is eliminated through the hepatobiliary
system. There is also specific uptake in the kidneys and the thyroid yielding
relatively high absorbed doses.

Figure 4 shows a comparison of the results of this work with those Wackers
et al. (2). The largest difference in the results is seen in the doses to the
ULI.
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The absorbed doses to various organs
from Tc-99m MIBI (stress and rest, 500+700 MBq)

The absorbed dose (mGy)
100

Liver SI
Gall bladder ULI

Bladder wall Tesfes
Kidneys Red marrow Ovaries

• This work • Wackers et al.

Figure 4. Comparison between the result of this work
and those of Wackers et al (2) regarding
the absorbed doses to some of the organs
and tissues.

A comparison between Tc-99m MIBI and Tl-201 shows similar absorbed doses for
most organs, except for ULI, bone surfaces, red marrow and testes, Table 5. The
first-mentioned organ gets a higher absorbed dose from Tc-99m MIBI than from Tl-
201. For the other three organs the situation is the reverse. The high absorbed
dose to testes from Tl-201 is due to a supposed high uptake in this organ. The
situation is however unclear regarding this uptake and ICRP (6) has chosen the
worst case in their model.

THE EFFECTIVE DOSE

ICRP has recently published new recommendations regarding tissue weighting
factors, when calculating the effective dose. For instance the GI-tract now has
a larger weighting factor than earlier (7) which is very important concerning
radiation doses to patients undergoing examinations with Tc-99m MIBI and other
radiopharmaceuticals which excretes through the GI-tract.

The effective dose from an examination with Tc-99m MIBI (both stress and
rest) is 13 mSv. The corresponding figure for Tl-201 is 17 mSv (Figure 5). The
nine organs which contribute most to the effective dose, for both Tc-99m MIBI and
Tl-201, are shown in Figure 5.

495



Effective dose

Thyroid

Kidneys
Thyroid \
Liift

LungsV W
y ( x Ked marrow

Gonads

Tc-99m MIBI, 13 raSv

Lungs

Gonads

LLI

Remainder
Stomach

Red marrow

Tl-201, 17 mSv

Figure 5. The effective dose for Tc-99m MIBI and
T1-2O1 and the organs which contribute
most to the effective dose.

The higher effective dose from Tl-201 is due to the supposed high uptake in
the testes and there may be a suspicion that the mean absorbed dose to the testes
from Tl-201 is overestimated. On the other hand, the Auger electrons of Tl-201
might give a biological effect which is a factor 3-4 times higher than the
indicated mean absorbed dose. (9)

CONCLUSION

A complete myocardial perfusion examination (rest and stress) with Tc-99m
MIBI gives patient exposure very similar to an examination with Tl-201 in terms
of effective dose. To make a correct comparison between the two substances the
individual differences in the dose to the GI-tract due to variations in transit
times should be further studied as there might be a possibility to reduce it by
means of laxatives. The problem with the suspected high testicular uptake of Tl-
201 still needs clarification.
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EVALUATION OF mI-MIBG UPTAKE IN PATIENTS WITH
NEUROBLASTOMA: CORRELATION WITH CLINICAL FOLLOW-UP

Nogueira AR, Ferreira TC, Salgado L and Vieira MR
Dep. Hedicina Nuclear I.P.O.F.G.

Lisboa, Portugal

ABSTRACT

A small group of patients (pts) with neuroblastoma were evaluated with
131I-MIBG before and after several kinds of therapy. The uptake of 131I-MIBG by
the lesions in terms of percentage of injected activity (IA) was done using the
gammagraphic images and a small standard from the injection material for
evaluating camera sensitivity and attenuation correction. The acquisition of the
images was performed at 48, 72 hours and sometimes at 168 hours after i.v.
injection. Values of uptake varying from 0.41 to 9.5 % IA were found. The
clinical evolution and those values were very well correlated. In two pts who
developed bone marrow involvement and bone metastases, the total tumour burden
decreased.

The biokinetics of the 131I-MIBG were also evaluated using whole body
measurements with a gamma camera. Analysis of the biokinetics showed an inverse
correlation between the slope of the curves and tumor uptake. Although time
consuming, the methodology seems to be helpful in clinical decision-making and an
essential step if therapy with 131I-MIBG is considered.

INTRODUCTION

The "in vivo" distribution of 131I-MIBG is well known (3,9), but in
dosimetric terms the daily practice of nuclear medicine shows that
radiopharmaceutical distribution is different from patient to patient.

Besides the need to evaluate any diagnostic test in terms of maximum benefit
and minimum risk the problem of the received tumour dose still remains. Tumour
uptake values are centainly patient specific and can represent the evolution of
the tumour mass or the response of the disease to the therapy. The question is
always how the calculated dose compares with the dose actually absorbed by the
tumour (or any other tissue) of a patient, essentially because the calculations,
including the models and data used, always involve approximations (5,6).

The accuracy of those approximations will condition the evaluation of the
correlation between uptake values and any other clinical parameters. Also, the
correlation between therapeutic results (in terms of tumour size reduction or
tumour cells destruction) and the absorbed dose depends on the accuracy of the
steps involved in the dose calculation.
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METHODS

In our service we do many diagnostic tests with 131I-MIBG, mainly in
children with neuroblastoma. Those patients are usually under therapy, and
sometimes with the presence of positive images of the tumour in sequential tests
we are questioned by the referring clinician about the more or less
"positiveness" of the lesion.

We also intend to begin therapy with 131I-MIBG in selected patients. With
this in mind we have established an imaging plan in order to quantify the uptake
of the tumour and to obtain the data necessary for the dosimetric calculations,
mainly the cumulative activity in the tumour, if therapy with 131I-MIBG is
considered.

This protocol includes the preparation of a small standard (0.12 to 1.5%) of
the injected radioactivity (18.5 to 37 MBq). The volume of the injected
radioactivity and the standard are quantified by weight to three significant
figures. The standard is required for:

- measuring the sensitivity of the gamma camera on each imaging day,
an important quality control

- calibrating the whole-body counting images
- quantifying the static images acquired with the gamma camera.

All the images are acquired with a large field-of-view scintillation camera
(GE 400T), interfaced to a computer system (STAR II), with an intrinsic
resolution in terms of FWHM inferior to 5 mm and using a 20% energy window
centered at 364 keV. The acquisitions are performed at 0, 24, 48, 72 and
sometimes at 168 hours.

The imaging plan includes two types of acquisitions:

I- Images of the standard and whole-body of the patient in anterior and posterior
views. The patient stands for 60 seconds at 2.5 m from the noncollimated camera
which uses a 64x64 matrix.

II- Static images of the different regions acquired with the camera collimated
with a parallel-hole high-energy collimator in a 128x128 word mode matrix for 600
seconds.

Additional images are also obtained anterior and posterior over any region
known or suspected to be involved with tumour or abnormal accumulation of the
131I-MIBG, and with the standard located on the patient's body surface in a
position as close to the suspected lesion as possible (3, 9).

The quantitative pharmacokinetics (3) of the uptake and clearance of the
131I-MIBG are obtained from the number of counts recorded in the radionuclide
images acquired according to the following protocol:

I- The quantitative information (2) on whole-body retention of the 131I-MIBG is
obtained from the sequential acquisition of whole body images on each day post-
injection. The number of counts recorded in the anterior and posterior views of
whole-body images, corrected for room background, are then combined as geometric
mean (GM counts). The GM counts of the initial images, acquired immediately
after injection, represent 100 percent of the injected activity (IA). On each
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subsequent day the GM whole-body counts are corrected for physical decay of the
radionuclide and expressed as percentage of the initial counts.

Whole-body retention on day i - (GM counts)day i/(GM counts)initial*100

II- The uptake of the tumour is determined using GM counts within a ROI including
the tumour and the GM counts in a ROI including the standard in conjugated view
images after subtraction of background.

% IA uptake -(GM tumour counts*vol St)/(GM St counts*vol IA)*100

The location of the background ROI is the same as the ROI of the standard
but drawn on the images acquired without standard. The location of the standard
on the body surface of the pateint as close to the suspected area as possible is
a very important aspect, but sometimes is a difficult task. By this technique we
try to have similar conditions for attenuation of the standard and of the tumour,
as well as the same attenuation correction factor for body thickness correction.
This is only an approximation, but I think the best solution in our working
conditions.

These uptake values plotted on log-linear paper would allow the estimation
of the biological half-life for clearance of the 131I-MIBG from the tumour, the
first step to calculate the cumulated activity in the tumour (1,6,7).

RESULTS

We apply this protocol to a lot of our patients, but we only present the
results from a small group of patients under different types of therapy who had
received two or three diagnostic tests with MIBG during the follow-up as shown in
Table 1. We also present tumour uptake at 48 hours, the most frequently
determined value.

In Figures 1, 2 and 3 we have some examples of the image processing of some
of our patients. Sometimes the tumour is easily delineated, as the first
example; but usually to draw the ROI including the tumour and avoiding the other
organs not involved is a big problem. Many times image subtraction at 48 hours
(when we have images with MDP and tin-colloids labelled with 99nTc) is used to
delineate the lesions. We place those ROI on the images of the other days.

Table 2 shows the results obtained with our calculations in terms of whole-
body retention expressed as a percentage of injected radioactivity and the tumour
uptake at 48 hours. We try also to correlate the values of the retention at 48
hours and the tumour uptake for the patients that have both values (Fig. 4).

We observe that a longer retention corresponds to an increase in uptake,
with the exception for one patient (1) who presented with bone metastases at the
time of the last test. This could explain the decrease of uptake of the main
lesion corresponding to an increase of the retention. Our calculations of the
tumour uptake were also in agreement with the clinical information of the
patient.
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Figure 1. Anterior and posterior images
of a liver tumour uptake of 131I-MIBG

Table 1

Tumour uptake at 48 h and therapy for patients under study

Pat. No.

1

2

3

4

5

6

7

8

Sex/Age

M,8 y

M,3 y

M,2 y

M,3 y

M,2 y

M,2 y

F.lOy

F,3 y

Stage

IV

IV

IV

III

IV

IV

IV

III

T. Upt.(48 h)
(% IA)

2.88
1.64
0.89

3.40
1.96

1.83
2.08

2.03
0.70

3.50
1.09
2.29

?

1.63
0.41

3.10
4.40

9.50
?

Therapy

Sl.CT

S2

CT

CT
CT

S, CT

Sl.CT.RT
CT

S2.CT

CT
S

CT
CT

CT

S-surgery
CT-chemotherapy
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Figure 2. Delineation of a tumor
ROI using subtracted images

*w

Figure 3. Delineation of tumour
uptake of 131I-MIBG and 99mTc-MDP.
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Table 2

Pat.

1

2

3

4

7

8

Results obtained in terms of whole body retention as
of the injected radioactivity and tumour uptake

No Date

10/07/90
13/11/90
21/02/91

19/09/89
03/01/90

04/12/89
09/05/90
24/09/90

19/07/90
13/02/91

14/03/89
5/09/89

20/09/89
13/12/89

Whole-Body
24 h 48 h

48.8
****
****

40.4
32.1

46.5
36.4
****

****
****

****
46.9

44.7
42.6

18.6
****
27.8

26.7
19.6

24.6
18.7
43.9

****
23.4

26.3
31.4

27.3
25.9

Counting (%
72 h

11.0
****
17.2

19.8
****

****
****
30.8

****
16.1

****
21.4

****
****

Day 0)
168 h

****
****
****

7.9
3.5

****
****
11.8

****
3.9

****
****

7.6
****

T.

percentage
at 48 h

Upt. at 48 h
(% IA)

2.88
1.64
0.89*

3.40
1.96

****
1.83
2.08

2.03
0.70

3.10
4.40

9.50
ycxvcx

* Bone Metastases

DISCUSSION

In our work we used some approaches that need to be discussed. The first
approach of a technical type is the way we do whole-body counting with a
noncollimated camera. We would need to check the results with another type of
test, probably the counting of total collected urine.

Another source of error is the determination of the boundaries of the tumor.
We used the manual draw of the ROI based on the subtracted image at 48 hours when
we have both the images with tin-colloids and MDP labelled with Tc-99m.
Sometimes the procedure is easy, but it becomes very difficult, in particular if
there are bone metastases or bone marrow involvement. Liver metastases are also
an important factor that will be only solved by SPECT.

The uptake calculations are done using conjugate views and considering the
same attenuation correction factor for the standard and the tumour. We took all
the precautions when positioning the standard near the tumour location but we
know that this approach would be correct only for point sources. For extended
sources this leads us only to an approximated value, the best that we can achieve
with our working conditions. I think that a more sophisticated mathematical
approach (5,8) would give more reliable results, but further work must be done on
this subject.

Regarding our results as they are presented in Table 2 we think that some
comments have to be made. The first one is relative to the large number of
unknown values. The main reason for those missing values is that the clinical
conditions of the patients do not allow us to always do the predefined protocol.
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There are also some technical difficulties and perhaps even inaccuracies related
to a department overloaded with routine work. For this reason we also choose to
correlate the tumour uptake with the retention in percentage at 48 hours, instead
of using the decay curve. We consider that we do not have enough data to define
the curve well and to assume a model of the biokinetics of the 131I-MIBG.

TUMOUR UPT.

7 7
7 7

7 7 / y
7 7 yy y y

y y y y y y y y y y

18.6 27.8 19.6 26.7 18.7 43.9 26.3 31.4

WHOLE BODY COUNTING (% DO)

Pt Kbone metast.) iHH Pt 2 L,.'.','.J Pt 4 H

16

Pt 7

Figure 4. Correlation of tumor uptake in % IA and
whole-body retention at 48 h.

Aside of all those problems and difficulties we got a good correlation
between the values of tumour uptake and the values of the retention at 48 hours.
We observed that a larger retention corresponds to an increase in tumour uptake
except in one patient who presented with bone metastases.

Another important aspect of MIBG dosimetry is the calculation of bone marrow
absorbed dose. The value of this absorbed dose seems to condition the results of
treatment with 131I-MIBG. A very clear bone marrow associated to an intense
tumour uptake has a good prognosis in terms of therapeutic results (4). The bone
marrow involveiaent usually means heamatologic side effects; i.e. bone marrow
toxicity. The decision about the administration of a therapeutical dose of

I-MIBG can be dependent on an accurate calculation of bone marrow abosrbed
dose. We think that this quantification can also be achieved by scintigraphic
methods during diagnositc tests as we did for tumour uptake.

We believe that correlation between the dose received by the tumour under
radiotherapy with 131I-MIBG, and the results of this therapy in terms of tumour
size decrease and cell destruction depends on the accuracy of the calculation of
the dose actually received by the tumour.
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The agreement between our results for tumour uptake at different tfmes of
patient follow-up and the clinical evaluation is also encouraging, although we
consider all the limitations of our method and we are trying to improve it in
order to find more objective data.

CONCLUSION

The imaging protocol and the quantification of the images allows us to
obtain some of the data essential for the dosimetric calculations with a
reasonable accuracy.

The values of the whole-body retention of MIBG on each day and tumor uptake
at different follow-up times can be helpful in clinical decision making.
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DISCUSSION OF PAPERS BY T. SMITH, II. GRAHAM, S. LEIDE, AND A. NOGUEIRA

VAN DIEREN: I have a question for Dr. Nogueira. You have quantified the tumor
uptake of MIBG. Usually quantification in small tumors is very difficult.
Quantification of the activity in small lesions can be erroneous up to a factor
of two. Are you confident enough to calculate activity with accuracy up to three
digits, and did you actually get a good correlation with clinical data?

NOGUEIRA: I have confidence in my results.

VAN DIEREN: In the three digits are you confident of the right accuracy?

NOGUEIRA: I did in my calculations some physical approximations, but even with
those conditions they have a reasonable accuracy. The problem of the tumor
uptake calculation is to draw the ROI including the tumor and avoiding other
organs not involved. As I said, I used image subtraction many times to define
the ROI. For small lesions it can be a problem. As I had sequential tests on
this group of patients I tried to validate my calculations correlating the uptake
values with the whole body retention values. With one exception (explained by
bone metastases) they were correlated. Of course this is only a validation of
the relative values of the tumor uptake from one test to the other and not the
absolute values, but they make me confident on my approach. I also had good
correlation with the clinical information but the number of patients is too
small.

ATCHER: I have a couple of comments and a question for Dr. Graham. First of
all, I am astounded to hear a claim of no toxicity when you report marrow
ablation in your study. Second, we find in attempting to target
T-cell populations that penetration of our label into the lymph nodes is
correlated with cytoxicity to circulating cells, not plasma dose. Finally, have
you estimated the amount of 1-123 required to treat a patient with one kilogram
of tumor?

GRAHAM: We first have to do the in vitro measurement on tumor cells before we
can make an estimate of that. With regards to the first question concerning
toxicity, our target organ in essence is the marrow. The tumor is interspersed
with marrow. If you ablate the tumor, you ablate the marrow. If it is toxic to
the marrow, it is toxic to tumor. When you are treating 1-131 thyroid tumors is
the 1-131 toxic to the thyroid? It is indeed the target. It is part of the
protocol in that we are planning to ablate the marrow and replace it with a
transplant. Our data for Auger dosimetry for other cancers would suggest that
10-100 Ci would be required which presents significant economic and radiation
protection constraints.

JOHANSSON: Dr. Leide, you mentioned you gave the patient a fatty meal. At what
time after injection is that given? What was the reason for this? Does the
biokinetic data you obtained and the dose calculation take this into account?

LEIDE: The patients were given two glasses of heavy cream within ten minutes
after injection, but before imaging. This will promote rapid hepatobiliary
clearance of Tc99n>-MIBI resulting in reduced activity in the liver and thus
reduce the disturbances from the liver in the tomographic images of the
myocardium. The biokinetic data and dose calculations do take this into account.
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PANEL DISCUSSION

BRILL: The purpose of this panel is to explore some of the questions that are
more general than have been addressed to any one speaker. Because of the general
interest in radioimmunotherapy, that is one of the first topics we will address.
The original plan was that Steve Larson was going to present a case. In his
place, his colleague, Marty Graham will present Steve's case. Out of that case
we will focus on some of the problems and prospects associated with that
approach. Members of the panel include: Marty Graham, Evelyn Watson, Jorge
Carrasquillo, and Darrell Fisher, along with Paul Harper, an elder statesman and
a person whose provocative ideas I'm sure will stimulate our thinking during the
course of this session. We expect and hope that the audience will interrupt and
contribute to the discussions. With that brief introduction, Marty, why don't
you begin?

GRAHAM: Thank you. I'm quickly going to cover a case study involving CC49. This
is an on-going study using escalating doses of iodine-131 labeled monoclonal CC49
in patients with advanced cancers that express the TAG-72 antigen. These are
colon cancers with metastases to the liver. The antigen that the tumor is
associated with is glycoprotein TAG-72 with a weight of over a million daltons.
The tissue reactivity in breast cancer is approximately 70 percent positive and
with colon cancer approximately 80 percent positive or greater. We've been
looking at the hematologic toxicity of these patients doing patients at 15
millicuries per m2 then 30, 45, 60, and so on. Marrow dose is based on whole-
body clearances. No hematologic toxicity was seen at the first three levels. At
60 millicurie per m2 there was a grade 2. At the 75 millicurie per m2 level
there was another grade 2. Others were too early to evaluate. When the CT
images were done on this patient a volume measurement was made on a series of
slices. There was a 46 percent decrease in the volume of the tumor which is
classified as a minor response. We are still in phase one studies of this
particular monoclonal antibody, escalating the doses of patients with advanced
colorectal cancer. Fifteen patients have been treated up to the 75 millicurie
per m2 level. Three patients have been retreated. We are seeing grade 2
hematologic toxicity in one out of three patients at the 60 millicurie level and
we've had one minor response at 30 millicures per m2 times two and 46 percent
decrease in tumor volume and one stable disease at 60 millicurie per m2 times one
at ten weeks. That is the summary.

BRILL: Thank you, Marty. One of the objectives clearly in radioimmunotherapy is
to kill the tumor and without killing the patient or the bone marrow. In your
presentation you reported two numbers, 125 rads for a grade 2 hematologic
response and something like 380 rads for a marrow ablation. I presume that the
response at 125 rads suggests that the patient had a compromised bone marrow
reserve. Do you have any information to go along with these two responses?
Ablation at 380 rads to the marrow seems like a very low dose.

GRAHAM: The patient that had the ablation with the 380 rads to the plasma
received a different monoclonal but I don't have additional information, I'm
sorry. The patient who had ablation at 382 rads to the plasma with M195 was
heavily pretreated with chemotherapy. We do know that.

CARRASQUILLO: What is it that we mean by marrow dose and how do we calculate
marrow dose because I think there are different approaches and numbers that are
given. Some people use the dose to tb -. blood as the reflection of marrow dose
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and then base the toxicity that they see on the blood dose. This is similar to
concepts developed for iodine-131 thyroid therapy. Others actually look at
marrow in the scans. Even others will obtain a series of scan pictures where
they can get a time-activity curve. At one point in time they will obtain a bone
marrow specimen to give a quantitation of what is there, then with the other
information get the area underneath the curve and calculate the dose from that.
I think that you've had a lot experience with dosimetry and high dose 1-131 for
lymphomas. What approach do you take?

FISHER: The institute where I work, Battelle Pacific Northwest Laboratories, is
not a hospital. We're located 200 miles west of the major clinical centers in
Seattle; however, we do perform all the radiation dose estimates not only for the
Department of Nuclear Medicine at the University of Washington but also we
collaborate in all the radiolabeled antibody studies at the University of
Washington and the Fred Hutchinson Cancer Institute as well as the Virginia Mason
Cancer Clinic and some other hospitals around the country. On an annual basis we
are looking at about 150 treated patients per year, which is about an average of
three a week. In addition we do all the animal studies: hundreds of mice, lots
of dogs, and about 30 monkeys per year as well. Coming back to the question of
marrow dosimetry in the high dose iodine-131 labeled antibody treatments for
lymphoma, these studies are performed at the Fred Hutchinson Cancer Center, where
the art and science of bone marrow transplantation originated in the early 1950's
under the direction of Dr. Thomas, who incidentally was a recent recipient to the
Nobel Prize for that work. The objective is to treat to the second organ of
limiting toxicity and not worry about the marrow dose. Before treatment is
given, autologous marrow is taken and stored so that it's available in case the
patient blood counts become critically low. The next organ beyond marrow is
usually the lung, the liver, or, in one or two cases, the kidneys. The spleen is
not a tissue of concern. It is either absent in these patients or it is
enlarged. Originally we didn't calculate doces to marrow, but we have since gone
back and re-estimated all the marrow doses. We have three different ways of
doing this.

Before I mention specifically the method we use for marrow dosimetry, I
would like to mention that there is a similar study using a radiolabeled CD45
antibody ongoing now at Fred Hutchinson for treatment of leukemia. The methods
that we used for marrow dosimetry are slightly different. In that case marrow is
the primary organ of interest and it's very important to obtain precise dosimetry
estimates for marrow. In the case of leukemia where marrow is the target tissue
we image the marrow at various times post-intake of a trace-labeled infusion and
then determine the time-activity curves. Subsequently marrow biopsies are
obtained and counted to calibrate the curve and the residence times are estimated
from the calibrated time-activity curve using one or two biopsy calibration
points to set the height of the curve. In the case of the lymphoma patients
there's not enough activity in marrow to use marrow as a source organ. We really
don't get any counts in imaging. In some patients we have biopsy specimens at
one or two time points. For the remainder we estimate the marrow doses either by
using marrow as a standard target tissue in the MIRD system or by estimating that
one percent of the injected activity goes to the marrow and remains with a half-
time that is equal to the clearance half-time for the whole body.' Those two
approaches give about the same result.

BRILL: I wonder if anyone would care to comment on the problems associated with
marrow rescue therapy, both economically and also the problems associated with
wiping out cancer cells in the marrow before reinfusing them?
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CARRASQUILLO: For most of the therapeutic trials that have appeared in the
literature it is fairly clear that the major organ of toxicity is the marrow.
The Fred Hutchinson group is in a particularly enviable situation. They have
this tremendous support to do marrow transplants in their patients. This is not
readily available in most hospitals although the way in which bone marrow
transplantation is being done in many places is evolving somewhat. Many are
harvesting from peripheral blood which may be a savings in dollars. In general
this is not going to be available in most facilities and I think our intent has
always been trying to find ways in which to increase the delivery of dose to the
tumor so that we can get away from bone marrow toxicity and dose limiting
toxicity. I think that a lot of work is required to improve delivery. That may
be by genetically engineered methods of antibody production or by using
interferon and increasing your antigen.

BRILL: Are any of our European associates interested in expanding on the
attitude towards this in their countries? Is bone marrow rescue being approached
in Sweden or the United Kingdom and how are the rescue patients being treated
with therapeutic antibodies?

HETHERINGTON: This isn't in connection with the use of radioimmunotherapy but we
were involved with work in Australia using samariam-153 EDTMP for treating
skeletal metastases. In that work the bone marrow was the major consideration
apart from dose to metastases and that was regarded as the critical organ. The
people that were working with us were very concerned with the aspect of the bone
marrow rescue, but I'm not sure to what stage they got with it. They are also
doing work in connection with the use of radiation for destruction of bone marrow
as well. Sometime in the future you may get some information from that hospital
in that regard.

BRILL: Thank you. Yes, please, Dr. Mattsson.

MATTSSON: Soren Mattson, Sweden. As far as I know, there has not been any such
therapy in Sweden where the bonfe marrow has been taken off. It has been
discussed in connection with treatment of neuroblastoma with HIBG. It is of
course a routine procedure in many other treatments. So we see no difficulties
in connection with treatment of monoclonal antibodies.

BRILL: Thank you. Yes, Dr. Carrasquillo.

CARRASQUILLO: One other comment is that there are many, many situations where
one of your problem sites is the bone marrow. In diseases like leukemia you
actually have to sterilize the bone marrow of the malignant cells. Currently
when you are going to do a bone marrow transplant one of your preparative
regimens is external beam radiation. The idea is to wipe out the bone marrow and
then follow with intensive radiotherapy. I think that we'll see in the coming
years, approaches where we will be trying to take advantage of that toxicity.
Specific antibodies will be used to wipe out the marrow as a preparative regimen
to bone marrow transplant at a later stage.

GRAHAM: We currently are doing that with M195. We've run into the problem where
in the past the patient's marrow has been ablated with external beam therapy. We
still give external beam irradiation so now we have a problem with mixed
dosimetry, internal as well as external beam. In which case I think the liver is
probably the next most sensitive organ to worry about; however, at least with
M195, the liver is one organ that can be characterized fairly accurately in terms
of dosimetry.
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BRILL: With respect to this question o£ combined dosimetry the possibility
exists of using combined i.v. and i.p. infusions for tumors which may be dosed
from the surface by an i.p. injection of a long range emitter for large tumors
coupled with an intravenous injection of something that has a shorter range and
to get a higher dose into the center of the tumor. It seems to me that the
paradigms using combinations of therapy in the future may be of some importance.
Not only external and internal but perhaps two labels on the same antibody may be
delivered especially where intracavitary access is appropriate.

Marty, I was interested in the large amount of thyroid uptake shown on one
of your slides. It looked like a very nice thyroid scan. I was just wondering
whether the problems associated with iodine-labeled antibodies may not be
minimized with some of the new linkers which are more robust with respect to
iodine retention and wondered what the linker was that you were using?

GRAHAM: I can't identify the linker. It's labeled with a chloramine-T process.

BRILL: I recall that the nuclear medicine chemistry group at ORNL under Russ
Knapp has worked with a maleimide linker, which is extremely robust. They didn't
see any loss of 1-125 from the antibody labeled with this technique. Perhaps, as
is usually the case, it's more difficult to get the label on to the antibody and
it's more difficult therefore to get it off. The problem with linkers for 1-131
and Y-90 labeling I see as one of the major issues.

CHEN: I have a question for Doctor Graham. In your case presentation, what is
your estimated dose to the tumor and how did you arrive at it?

GRAHAM: I'm going to beg off on that, I don't have the numbers with me to give
you an accurate answer at this point. I apologize for that.

CARRASQUILLO: Do you know how they actually approach the calculation of the
dose, not necessarily the exact dose on this patient, but do they do views?

GRAHAM: I know how it should be done. It should ideally be done with SPECT with
a valid attenuation correction in a calibrated SPECT system, with corrections for
scatter of collimated penetration and so on. At present that is not being done.
Coming up with a quantitative system is very difficult with our process.

CARRASQUILLO: I think that one of the things that you'll see in this stage of
evolution where we're still at the research level, many of the trials which are
phase one trials, are based with very few exceptions, strictly on dose
escalation. These are not necessarily based on the dose delivered to the tumor.
There are some trials based on dose delivered to normal organs and escalating the
dose based on a diagnostic study. I think that more and more people are trying
to address the issue of dosimetry and get that refined. In particular I find it
hard to come up with good numbers because if you looked at some tumors you would
find that the center is very cold. You would have to come up with an isodose
curve, different doses at different levels in the tumor. I think it's more
important to look at dosimetry of normal organs. That's also much easier to do.

ATCHER: To expand a little bit on your comment and maybe recast it a little bit.
Two of the questions that I'm asked very often as a radiopharmaceutical chemist
are: 1) what's the ideal isotope for radioimmunotherapy? My affection for
alpha emitters is well known but then I'm usually dealing in low-LET radiation.
I think we're getting to a point where maybe the dosimetry people can give us a
little bit of information in terms of what the ideal beta emitter would be
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relative to sparing the marrow. 2) The second question related to that and
related to Dr. Brill's comment is: How big is the window in which we are going
to avoid toxicity to the bone marrow in terms of how much more dose can we give
when we have a competent immunoglobulin that's going to keep circulating through
the marrow? We are developing more and more strong chelates to bind radiometals
to antibodies. There has to be some point where by making that bond more stable
we're going to pay a price. I'm curious about whether anybody has or would be
interested in looking at those issues relative to the nice dosimetry models that
Dr. Kwok showed yesterday and the data that we've been developing relative to
pharmacokinetics so that you could give a little bit of guidance to the people
ahead of time. Do something prospectively to determine how we are doing.

BRILL: I don't know the answer to that question but I'll just start out by
saying that I think one of the big variables that we don't have a handle on is
the bone marrow reserve. At this stage in the therapy trials, the patients are
not at the beginning of their treatment for a disease. They've been well down
the road of chemotherapy and radiation therapy before they come for
radioimmunotherapy. The axtent to which one is dealing with a comprised marrow
is not at all clear. The development of indices of he.matopoietic function to
estimate bone marrow reserve I think is very critical. I really would have been
quite surprised if 380 rads from a low-LET emitter, such as Iodine-131, would
wipe out the marrow. I think that part of the problem is being able to find out
where a patient is in the spectrum of marrow function.

ATCHER: I think just as a first approximation let's assume that the patients
have healthy marrow. I agree with you that very often people who are proposing
Phase I studies are saying, "O.K. we don't have to worry about the marrow because
we can use either GMCSF to do marrow rescue or use an autologous transplant".
What is our next organ of toxicity going to be? Dr. Vriesendorf at Johns Hopkins
did a nice study in dogs where he used autologous bone marrow rescue and
demonstrated in the beagle model that radiation hepatitis was the secondary
toxicity. In discussing some of that data with the group at Hopkins, I said that
in patients who have gotten platinum and radiation, these treatments are additive
in the kidney. Therefore, the secondary toxicity may be shifted to another
organ.

I'm impressed by the papers that have been delivered. We should have enough
of the technology in terms of dosimetry that somebody should be able to go out on
a limb and make a statement such as: a radionuclide with a beta energy above 1
MeV will cause problems in terms of being able to sterilize the entire marrow
space. One of the things that the people at Dow Chemical mentioned as being
surprising to them was how much samarium they were giving in their large animal
toxicity studies before they saw an effect. The last time I talked with them
about it, they said they are still not getting what would be considered a grade 4
hematopoietic toxicity. This is an opportunity for dosimetry people to give
guidance to the people in the clinic and the people who are trying to design the
radioimmunoconjugates in terms of the ideal isotope, or at least among the
armamentarium of radionuclides we've got, what the ideal radioisotope would be in
terms of sparing marrow.

WATSON: On this issue of marrow dosimetry there are lots of questions. Some of
them have been raised here at this meeting. For example: the way the marrow is
distributed doesn't lend itself readily to determining deposition of energy. I
agree that the technology is there and it's a matter of getting to the stage
where we can give you some of those answers. The other part, of course, is that
in order to do that we need better information from clinicians, biologists, and
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people like that. It should be a combined effort. A lot of information is ready
to be put together if enough people will collaborate and find that mechanism.

I have a comment related to what Dr. Carrasquillo said about the cold center
of the tumor. John Humm has done a good bit of work along those lines already.
There are papers out that have some of the information that you were talking
about.

BRILL: I have just a comment about the bone marrow dose in samarium therapy.
I've been impressed by the fact that patients with very asymmetric disease have a
very asymmetric uptake of the material in the marrow also. The average dose to
the marrow and the fraction of the marrow that gets that dose, is a very
difficult question. You can knock out some regions of the marrow with this
tremendous bone uptake and yet have 90 percent of the marrow relatively
untouched. I think it's a much more difficult problem than for discreet organ
dose estimation problems.

KWOK: I want to address the question raised by Dr. Atcher. There is a reason
why a very important piece of information is missing in bone marrow dosimetry.
We don't know the rate of exchange between the blood compartment and marrow
compartment in humans. Because we don't have this piece of information, it is
difficult to decide on the energy of the particles you want to use to label your
antibody. If the rate of change is very rapid, there is no point in using low-
energy electrons to try to cut down the radiation dose to the bone marrow. But
if the exchange is very slow, you have both activities related to the blood pool
and if you use low energy beta particles, you may not be able to irradiate the
bone marrow. In that case you can cut down the bone marrow dose and can also
increase the tumor dose. I think the question of which energies and beta
particles is appropriate is tied to the knowledge of the exchange of antibodies
in the blood pool and the bone marrow.

I have a question for Dr. Fisher. You just mentioned about a clinical trial
on leukemia at Fred Hutchinson, can you give us more information about the way
you followed the bone marrow uptake?

FISHER: There are several ways. The physicians are pretty good with the needle.
They are able to go in and take marrow aspiration biopsies at several locations,
then count the samples for iodine-131. The big problem is that they get samples
of bone and blood in addition to marrow. It's a little tricky trying to figure
out what the relevant mass is for which the activity pertains. Right now we are
assuming that these biopsy samples are 50 percent bony spicules and 50 percent
red marrow with blood. There's enough activity in the marrow cavities for
counting with planar imaging so that time-activity curves can be consistently
constructed. A combination of these two methods gives us pretty good estimates,
I think, on what the marrow doses are. In addition we have built a bone marrow
phantom for calibrating. We look at bone marrow in the tibia and fibula and we
have a plastic bone marrow phantom for that purpose.

KffOK: You can see the bone marrow uptake with a conventional gamma camera?

FISHER: Sure.

KWOK: For iodine-131?

GRAHAM: Yes, I just showed it.

512



CARRASQUILLO: We've been interested in some antibodies that recognize
lymphocytes. We've done some therapy trials where we were interested in treating
patients with yttrium-labeled antibody and our initial hypothesis was that we had
fairly good chelates, sort-of third generation chelates, that could be labeled
with either indium or yttrium. We coadministered those mixed together into the
patient. We also image their bone marrow as Darrell does over time and get a
time-activity curve. Because patients do not appreciate bone marrow aspirations,
it is hard to get them to consent more than once for bone marrow sampling; so we
usually have one time point to use for calibrating. The interesting point is
that while the indium and yttrium in the blood look very similar, when we look at
excretion in the urine, they are not very similar. From 1.5 to 2 times the
indium will be excreted indicating the yttrium is staying behind. When we looked
at the marrow it was quite variable, but in general there was much more yttrium
in the bone marrow than indium. We don't know how to really calibrate that curve
because we don't know the shape of the yttrium curve.

FISHER: Let me say one more thing. Since I'm not in the clinic I want to give
due credit to the imaging physicist who does the measurements. Many of you know
her. She is Dr. Janet Eary, a very capable physician as well.

In response to Dr. Atcher's question about the ideal beta emitter for
sparing marrow there are two features or maybe three that should be kept in mind.
The blood and the marrow have an intimate relationship. If the radiolabeled
antibody has a long residence time or a long effective retention time in the
blood plasma, you are going to have higher marrow doses. Rapid clearance from
blood is therefore desirable. If you have a nuclide with a slightly longer half-
time than most that are being used and good tumor uptake, as Dr. Carrasquillo
mentioned, you would have better tumor-to-marrow dose ratios, especially if those
two factors are combined. Yttrium has a another little problem. If you have
disassociation from the ligand, yttrium tends to localize on bone surfaces, in
particular in the trabeculae of bone. This is something to watch out for.
Improving the stability of the metal ligand complexes can also help reduce marrow
doses.

HARPER: I'm not intimately involved with this enterprise so I can look at it
from the outside a little bit. It seems to me that a huge amount of time and
effort and funding have gone into this and so far very little in the way of
spectacular returns. I would guess that we are maybe 10 percent of the way to
the top of the mountain, the top of the mountain being 108 or 109 kill, which you
need to cure a malignancy. It seems to me that some sort of a breakthrough is
needed. Just where this would be I don't know. Leon Jacobson's experiment with
spleen shielding in mice comes to mind. If you could isolate a region of the
body, say a couple of legs that have bone marrow in them, with tourniquets and
pack them in ice to keep them from dying and if you had an agent that localized
rapidly and left the circulation rapidly, you might be able to preserve the
marrow capability of the body sufficiently to g<jt a high level of radioactivity
in the remainder of the body. I don't know, but I think some unique approach of
this sort is needed. Most of the antibodies, of course, are large molecules.
The fragments might be more effective because they are smaller and they would
disappear more rapidly from the circulation. This is true, isn't it? I don't
know how fast they disappear but whether it's fast enough to make some manuever
of the sort that I mentioned reasonable, I don't know.

CARRASQUILLO: Can I make a comment on this? I don't personally see any one
major breakthrough that's going to make the technology work. I think that there
will be a series of small and gradual improvements. If we look back to, I guess,
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1940 when this started or in 1978, there .has been gradual improvement. I think
that the areas that people are attacking are increasing the. antigen concentration
beyond one. Some possibilities are: using molecular biology techniques to clone
humanized or smaller modified antibodies that can be delivered more quickly;
using growth factors and the timing of these growth factors to help bring the
marrow back. Methods that we are using now depend on metals, scavenging the
metals, such as the yttrium and preventing that from accumulating in the marrow.
There have been some studies going on in that area. I think it's going to come
as a result of steps that bring us gradual improvement.

HARPER: Nobody seems to be too enthusiastic about the results with bulky tumors.
Isn't this true?

CARRASQDILLO: I think that holds true in solid tumors. Nevertheless, we have a
Phase I therapy trial with the therapy branch at NCI. We treated about nine
patients with quite bulky disease and eight of those have had partial responses.
Now one patient after five therapy courses is in complete remission. I think
that in the group in Seattle they've also treated patients with large masses of
lymphoma. I think that brings another point: most of the progress has been made
or most of therapeutic results have been in the areas of lymphoma, which is a
radiosensitive tissue and delivery is a little bit easier.

BRILL: Let me follow up on what Dr. Harper said about the possibilities of
breakthroughs. Although it has not yet been shown to be useful therapeutically,
the work being done at Stanford (David Goodwin), at Hammersmith, and at the
University of Massachusetts (Don Hnatowich) or Paganelli at Milan on
streptavidin/biotin systems could be a step in the right direction for therapy.
The antibody distribution is cold with the linker, which achieves its terminal
high distribution in the tumor. When the body background falls, you give biotin,
which couples to the avidin that's localized in the tumors. The small molecule
crosses membranes well, Linked to a short-lived nuclide such as an alpha
emitter, it might be appropriate for rapid association with the tumor sites.
That type of a model may be one of the steps in the chain that could greatly
change the situation.

CHEN: Based on data from seven patients at NCI we, at least I, find it very
difficult to calculate the bone marrow dose because bone marrow has delayed
uptake time compared with blood which has instant uptake. Second, the residence
time is completely different. I only found one patient in seven, during the 20
hour to 24 hour period, that had a similar blood residence time. We also
compared the mouse data and it is not very good either. We'd really like to work
with another institution to get real patient data instead of mouse data.

BRILL: The paper that Dr. Desrosiers gave earlier in the conference concerning
the work he is doing with electron spin resonance may ultimately be an important
way of using a natural in vivo detector, instead of having to implant
thermoluminescent dosimeters into the marrow or tumors as Barry Wessels has done.
If one can take samples from patients late in the course of their disease and
later correlate their autopsy specimens with the kinetic behavior that is
calibrated in terms of the bleed off ESR signals with time, could give us a
reasonably good indicator of the dose received by the bone marrow. I suspect
that some techniques such as that may be very important in getting a handle on
bone marrow dosimetry. Yes, Dr. Hosain.

HOSAIN: I have one positive and one negative comment. The positive one is
directed to Dr. Brill's comment. We need to know the bone marrow reserve. I
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think it's very important and it's very easy to determine using iron-59. This
technique should be easy to do using a couple of microcuries of iron-59. The
negative remark I have, and I really don't mean to offend anyone, is that eight
years ago people were eating, drinking, and ingesting radium and feeling disease
free. Last night we attended a very nice lecture "Why Radium and Radon are good
for you". Do you think eighteen years later we will have a lecture "Why
Radioimmumotherapy is good for Solid Tumors"?

CARRASQUILLO: Just a comment on that. I think that the answer may be that it
isn't good for solid bulky tumors but that it may be good for small volume
disease.

HETHERINGTON: It's just that the people expect those involved in radiation
dosimetry, usually physiciscs to tell chemists and biologists what are the ideal
radionuclides so that the bone marrow will be spared. I think it should be the
other way around: chemists and biologists should be developing agents that do
not go anywhere near the bone and marrow. If they don't develop agents like
that, radioimmunotherapy doesn't have that much to offer.

HARPER: My gynecology friends commonly schedule debulking procedures to get
their patients' tumors down to minimal size as a palliative procedure. Something
of this sort combined with the kind of therapy that we've been talking about
might be helpful. Probably the ideal form of tumor to treat is the residual
cells that are scattered around the peritoneal cavity after a surgical procedure
where you don't have any question of bulk. You just have individual cells or
small groups floating around and the dosimetry becomes much simpler.

CARRASQUILLO: I think that part of the reason we treat larger volume diseases is
that when you are starting with a new modality you start off with your worst
patients: patients for whom there is nothing else to offer, patients that have
failed previous therapy, and patients that have bulky disease. I hope that once
we get more toxicity data we may design trials for patients in an adjuvant
setting or with smaller volume disease. Those are some of the goals for the
future.

BRILL: In the case of intraperitoneal tumors that are small floating tumors, it
is not clear as to whether chromic phosphate or yttrium-90 labeled antibodies has
a major advantage one way or the other. The fact that the P-32 colloid doesn't
go to the marrow in large amounts is a plus. The fact that it doesn't leave that
space and find tumor that metastasized outside that limit is a minus. I know
that in our institution, despite the fact that we're using an yttrium-90 OC125
treatment protocol, many of the physicians are more comfortable with P-32 than
with immunotherapy.

STUBBS: What role does microdosimetry play in treatment planning or dosimetry in
radioinununotherapy? Also, I firmly believe in order to do radioimmunotherapy we
must have patient-specific dosimetry. We've been hearing a little bit during
this symposium about a couple of postulated ideas for doing some patient-specific
dosimetry and I would like some feedback regarding whether any of these methods
look feasible. Also, do we need more research in biology, more research in
physics, more research in noninvasive procedures to establish the residence time
and biokinetics?

FISHER: There are really two questions there that I picked out and maybe a third
one that I'll leave to someone else. In the patients that we evaluate for
dosimetry we always, to the extent possible, perform patient-specific dose
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estimations. Before they are treated these patients are subjected to lots of CT
imaging, and the volumes of all the major organs are characterized very
carefully. I think that is essential and that we should all be calculating our
doses to individuals of the size they really are.

Microdosimetry has come up a few times. I was invited to speak about
microdosimetry for this conference, but I didn't really know what to say, so I
didn't prepare a paper on that topic. The definitions for the concepts of
microdosimetry are published by the International Commission on Radiation Units
(ICRU), in particular, ICRU Reports No. 36 on microdosimetry and 31 on radiation
units and 33 on quantities and units. The thing to keep in mind with
microdosimetry is that microdosimetry and dosimetry are really one and the same.
The differences between conventional dose averaging and microdosimetry are the
sizes of the targets and the statistical method for describing the distributions
of dose to small targets. In microdosimetry this is done with probability
densities and specific energy. Instead of presenting an average as your result,
in microdosimetry you present a histogram of doses to very small targets that
constitute the whole organ JO that you see the statistical distribution in dose
or the variance from the mean. Where we get into problems is that sometimes we
call small scale or localized dosimetry microdosimetry. It really isn't. In
small scale or cellular level dosimetry we are looking either at variations in
the absorbed dose as a function of position or at some spatial differences in the
absorbed dose to points. Dr. Hui, when he speaks tomorrow on the localized
dosimetry of the thyroid, will present the volume fraction concept where
fractional volumes are assigned isodose regions. In a very small organ such as
the thyroid where we can see the variation in absorbed dose from one point to
another, that's not really microdosimetry. That's small scale dose averaging. I
hope that we all understand these differences in concept. Microdosimetry is the
distribution of doses in a probability density and the units are in specific
energy. Did you also ask a third question?

STUBBS: Well, I would like to have some sort of summarization, if at all
possible.

FISHER: In treatment planning?

STUBBS: In respect to treatment planning, using radioimmunotherapy, in what
areas do we really lack the most information to do patient-specific treatment
planning? Is it biology, is it the radiobiology, is there a problem in our
physics, do we not know enough about it yet? Have we not looked at enough
isotopes or is it a chemistry problem? For some reason the popularity of
radioimmunotherapy really has not taken off. Some of that may be due to FDA
regulations, but there certainly must be reasons why more investigators are not
looking into this problem. External beam therapy has become much more a well-
organized science. I think we are going to need something like that for
radioimmunotherapy. What perhaps needs to be brought up is, how do we need to
make our future corrections in research in order to bring this about?

VATSON: I'm not sure that dosimetry is the holdup in getting radioimmunotherapy
off the ground. I think a lot of the time radioimmunotherapy is performed
regardless of what the physician thinks the dosimetry is. The holdup is results.
Anything that is effective will take off like a streak of lightning. I think the
difficulties have been defined throughout this meeting and in many other
meetings. There is no single antibody that is going to be perfect; no single
radionuclide that is going to be perfect. I don't think dosimetry or different
radionuclides is going to do anything for you unless you know what antibody you
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are dealing with. A lot of information is needed for dosimetry in all aspects,
but I don't think that is what prevents an agent from becoming used in therapy.
I don't really think the FDA is your problem either.

BRILL: No, I think that the tumor biology varies greatly from patient-to-patient
and tumor site-to-tumor site. A number of years ago we did some studies in dogs
with lymphoma. Maybe 10 or 15 lymphomatosis nodules were found in each animal.
We gave them bismuth, iodine, gallium, and selenium simultaneously, then counted
the various organs with germanium detectors to separate out different nuclidic
patterns. The variation in tumor uptake for these materials in different animals
and different tumors in the same animal was as different as day and night. Some
tumors had 200/1 target-to-background ratios for bismuth and some of them had
essentially 1/1. The same thing was true with gallium. The heterogeneity of
tumors in the same animals in different stages of development is what really was
the major variable not the fact that this agent was better than that agent. I
think the tumor biology and heterogeneity in the tumor itself and the tumors in
different patients and in the same patient in different sites are major problems.
I'm rather convinced that a combination of therapies rather than
radioimmunotherapy by itself is going to be important in the long run.

HOSAIN: A comment on the treatment planning. The treatment planning, in my
opinion, at the present time is "administer as much radioactivity as possible
without killing the patient."

FISHER: Can I disagree with that point of view? I see the physicist in this
whole subject area as kind of like the navigator on a jumbo jet. Have you ever
flown at night in dense clouds? You know the pilot has no way of finding the
airport but he has a navigator and he has autopilot and instrumentation and other
things to help him find the airport and the landing strip so that the jet lands
safely. The physicist is similarly important. Luckily I'm working with a group
that treats the physicist on a coequal basis with everyone else. What the
physician really wants to know is the absorbed dose, first of all to the tumor or
tumors and second of all to the major organs for which there is some level of
toxicity. The institution usually has a limit on normal organ, dose that can't be
exceeded. Treatment planning helps find that region between safe doses to normal
tissues so that the patient survives and high enough doses to tumors so that the
cancer is effectively treated. That is where the dosimetrist is essential.

Where true microdosimetry is important is in radiobiological studies in
vitro. I think microdosimetry is essential. Localized dosimetry is very
important in evaluating histological specimens taken after the fact from tumor
patients where nice pictures can be constructed but it is not so essential for
treatment planning. I do think that one thing of importance we learn from
localized dosimetry for future considerations is how the dose within tumors
varies from the mean, or the average dose. If it is a factor of two up or down,
the physician needs to know that, so that therapy can be adjusted accordingly to
get the necessary cell killing.

HOSAIN: You are talking from the physician's point of view but from the
patient's point of view, I want you to do everything you can do. If you
underdose me I come back soon. The only way you can prolong my life is to kill
the tumor and the only way to do it is to administer as much radiation as
possible at one time.

BRILL: Well, let me thank the panel and the audience for a stimulating
discussion. I know that we can probably go on for a long time, but we were
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supposed to quit at 4 o'clock and it's 4:18. Maybe the remaining questioners can
come down afterwards and the panelists will sit and talk informally with you. I
appreciate the questions that have come from the audience and the participation
of the panel, and with that, let's call it quits for tonight.
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ABSTRACT

The neutron capture reaction in boron (10B(n,a)7Li) generates two short-
range particles with high LET. The effect of neutron capture therapy (NCT)
depends on the microscopic distribution of 10B atoms in target cells. Due to the
short ranges of the charged particles, an intracellular localization of 10B in
one region (e.g., the nucleus) may produce a different effect to the cell
than the same concentration of 10B localized in other regions. Monte Carlo
calculations of the energy deposition produced by 10B disintegrations were
performed to compare the effectiveness of 10B localized in five separate source
regions of the modeled cells: nucleus, nuclear membrane, cytoplasm, plasma
membrane, and extracellular space. Two regions (nucleus and the whole cell) were
independently considered the sensitive targets for the radiation therapy. An
effectiveness factor (EF), defined by combining the radiation dose resulting from
the aoB disintegrations with the distribution of 10B in a cell population, was
used to determine the effectiveness of 10B(n,a)7Li reactions in different source
regions. When an RBE and LET relationship was obtained from experimental data,
the RBE values of the a and 7Li radiations originating in different source
regions were calculated, taking into account the stochastic nature of the origins
of the 10B disintegrations in these regions. The computations indicate that if
the nucleus was the only radiation sensitive region, the nuclear 10B
disintegrations would be most effective for NCT, followed by 10B disintegrations
in the nuclear membrane (48% as effective). 10B disintegrations in the
cytoplasm, cell membrane, and extracellular space were about 10%, 5%, and 2%,
respectively, as effective as nuclear 10B. If the whole cell was considered the
target region, the effectiveness of 10B disintegrations in these regions was:
88%, 62%, 34% and 12% for 10B disintegrations in the nuclear membrane, cytoplasm,
plasma membrane and extracellular space, respectively, compared to nuclear 10B
disintegrations. The simulation also reveled that the RBE values of these
disintegrations could vary from 2.2 to 4.5, depending on the distance from the
10B disintegration to the target region.

INTRODUCTION

From theoretical considerations, neutron capture therapy has a promising
role in the treatment of brain tumors, an area where other therapeutic modalities
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have had limited success. Surgery can remove the tumors, and drugs or radiation
can damage the cancer cells to the extent that they can no longer multiply. The
results of these therapeutic approaches, however, have not been entirely
satisfactory. Cancers are difficult to treat because most of these therapeutic
modalities damage healthy cells as they are trying to destroy neoplastic tissues.
The selectivity of these forms of treatment is far from the cellular level (1).
Neutron capture therapy, on the other hand, theoretically can optimize the effect
of radiation therapy because it employs the irradiation of neutrons whose targets
have been attached onto individual cancer cells. It involves the administration
of a neutron capture agent, such as 10B, to the tumor site and subsequent
irradiation with thermal neutrons. The neutron capture reaction in boron,
10B(n,a)7Li, generates two high-LET particles with short ranges, limiting the
radiation effects to a single cell or its immediate neighbors. The extremely
high ionizing density of the a particle and 7Li results in complex damage to DNA
in association with adjacent structures, damaging cells with little or no
possibility of subsequent repair (2).

One of the crucial factors for success in boron neutron capture therapy is
the microscopic distribution of 10B in the neoplastic cell. Since the ranges of
the two product particles in tissue are less than or comparable to the size of a
red blood cell (around 10 fim), the effect of the radiations would change
significantly when they originated from one region in the cell (e.g., the
nucleus) compared to the case where the radiations originated from another region
(e.g., plasma membrane). The dosimetry of the 10B(n,a)7Li reaction, therefore,
has to be determined at the microscopic level and the local energy dissipation
(also denoted LET) must be f:aken into account. Moreover, with high local energy
densities of a and 7Li, interactions that occur between nearby atoms and
molecules as a result of the energy deposition enhance the biological damage to
the target. Therefore, the local relative biological effectiveness (RBE)
generally increases with increasing local LET (3,4).

Average doses of the 10B(n,a)7Li reaction have previously been calculated
for the nuclei of cells exposed to boron in different locations (5,6). However,
because of the large amount of energy released by each reaction (2.34 MeV), a
lethal dose can be achieved with o:ily a few neutron capture events within the
volume of one cell. With a small number of events per lethality, the average
dose is a poor representation of the dose delivered to each cell, and a large
variation in energy deposition in a radiation sensitive target must be expected.
The study of biological effects of the neutron capture reaction in therapy,
therefore, requires a stochastic approach. Monte Carlo simulation has been done
to study the effect of the 10B(n,a)7Li reactions in the cell nucleus (7) in which
a step-shaped biological response function was used, and the RBE of the particles
considered was assumed constant along their paths. In this study, a Monte Carlo
simulation was employed to calculate the dosimetry of the 10B(n,a)7Li reactions
in two target regions of the cell (the nucleus and the whole cell) when 10B
disintegrations occurred in five separate regions: nucleus, nuclear membrane,
cytoplasm, plasma membrane, and extracellular space. The gradual-increase
property of the biological response function was taken into account, and an RBE
function was used to calculate the effective dose. The results allowed a
comparison among the doses, the effectiveness, and RBE values of 10B
disintegrations distributed in different regions of the cells. They also have
implications for the choice of boron compounds for neutron capture therapy.
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THE MODEL

ALPHA AND LITHIUM ENERGY DEPOSITION

Energy deposition of the two particles a and 7Li in water-equivalent modeled
cells were calculated using reported data (8), assuming boron disintegrations
occur randomly in each of five source regions: nucleus, nuclear membrane,
cytoplasm, plasma membrane, and extracellular space. A polynomial function was
fitted to these data, yielding the particle's LET characteristics:

dE.ydx (keV//im) - 223.851 + 19.3198x - 8.49115x2 + 0.46812xs

dE^/dx (keV/Vm) - 291.584 - 48.7884x - 0.266831x2 + 0.256717s

where x is the distance traveled by the charged particle. These two equations
give total energies of 1491.53 keV (for a) and 851.02 keV (for Li) dissipated by
the charged particles within their ranges. The ranges of a and 7Li derived from
these equations were 8.80 pm and 4.80 pm, respectively (Figure 1). The
10B(n,a)7Li reaction also emits a photon whose energy deposition was neglected in
the simulation (5).
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+ 0.468132X3
a
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Distance traveled by 7Li ion t\tmi
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Figure 1. LET and range characteristics of 1492 keV a and
852 keV lithium by the 10B(n,a)7Li reaction in tissue.

In each modeled cell, two separate radiation sensitive targets were assumed:
the nucleus and the whole cell. Starting at each randomly selected boron
position in the source region, a and 7Li particles were assumed to travel in an
isotropic manner in the 3-D modeled cells. Their directions were in straight
line, 180° from each other, and selected randomly in a 4?r space. The
intersections of the particle's path with the target region were determined, and
energy released along the particle's path within the target region was
calculated. The sum of the energy released in the target region by all
disintegrations in each source region was then converted to the absorbed dose
knowing the volume and the density of the modeled cells (assumed to be of water).
The effective dose (RBE x absorbed dose) was calculated in a manner similar to
the absorbed dose except an RBE function was also included. For each energy
dissipation along the particle's path an RBE value was taken from an RBE vs. LET
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curve (Figure 2), obtained by fitting to the experimental data reported in ref.
(4) assuming a biological end-point of 90% cell death. The RBE function was:

RBE - 0.829077 + 0.0386257(LET) + 3.24813xl0~5(LET)2 - 9.12859xl0"7(LET)3

for LET<;192.541 keV/pm.

- 13.4093 - 0.10686(LET) + 3.47432X10"*(LET)2 - 3.86667xl0'7(LET)s

for LET>192.541 keV/ftm.

(2)

100 200 300 400

dE
^ (keV/pm)

Figure 2. RBE-LET relationships for
cultured cells by monoenergetic charged particles.
Dot: Barendsen (1968) data, Line: Fit function.

The distribution of the 10B(n,a)7Li dose received by 1,000 cells was
tabulated to obtain the mean dose and its standard deviation. We found that a
unit containing 1,000 cells would yield a result about 2% different from that
obtained in a 50,000-cell unit where the random fluctuation of the mean dose was
relatively negligible. A unit of 1,000 cells, therefore, was used in this
simulation.

THE CELL MODEL

We have chosen three geometrical cell models: an ellipsoidal, a spherical,
and a cubic cell body, each with a centrally located spherical nucleus. The
ellipsoid axes were 9.39pm, 6.24pm and 4.69pm; the sphere radius was 6.5pm,' and
the cube side was 10.47pm. Each cell body had a plasma membrane of 0.01pm thick.
The radius of the spherical nucleus was 3.8pm and the nuclear membrane thickness
was 0.05pm. The nuclear/cell volume ratio was about 1:5, similar to a previously
reported model (7). We only report the simulation results obtained from the
ellipsoidal model in this paper. The other models yielded relatively similar
results.
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SIMULATION INPUT DATA

Two cases were considered:

1) the same number of 10B disintegrations occurred in each source region;

2) the same number of disintegrations per unit volume occurred in each
source region.

THE EFFECTIVENESS FACTORS

To compare the effectiveness of 10B disintegrations occurring in different
source regions, an effectiveness factor concept was defined. From the
simulation, we found that two factors were important in comparing the
effectiveness of the doses delivered by 10B disintegrations in the source region
x and in the nucleus:

1) the 10B(n,a)7Li doses resulting from disintegrations in different
source regions. The ratio of the dose from 10B in a source region x
to that from 10B in the nucleus was called the dose factor (DF),
denoted NDFX for the case the nucleus was considered the radiation
target, and TDFZ if the whole cell was the target;

2) the distribution of the 10B(n,a)7Li dose in a cell population upon
neutron irradiation. Since only a small number of 10B disintegrations
would be needed to result in lethality of a cell (8), a non-uniform
dose distribution was observed in a cell population. Coupled with
the non-uniform dose distribution of radiation dose in a cell
population, the probability of biological response due to a radiation
dose also had non-uniform behavior in radiation therapy (8) (Figure
3, curve 1).

In this study, the gradual increase of the response curve was accounted for
by assuming the area under the curve of this gradual increase section equivalent
to a rectangular area whose width equals 5% of the total-kill dose. Therefore,
any cell that received a dose higher than 95% of this dose (which should also be
the dose from the total number of 10B disintegrations in the source region) was
to be considered killed (Figure 3, curve 2). The probability of a cell receiving
at least 95% of this dose was called the histogram factor (denoted NHF, or THFX,
for the cases in which the nucleus or the whole cell was the target region,
respectively). The effectiveness factor, therefore, involves 2 terms, DF and HF:

TEFX -
 THF».TDFI
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Figure 3.

Radiation dose

Hypothetical (curve 1) and simplified (curve 2)
biological response functions.

RBE.ND, RBE.TD AND RBE.NEF, RBE.TEF are the doses and effectiveness factors when
the RBE function was included in the calculation of the radiation dose.

RBE CALCULATION

The RBE values of the product radiations were calculated as the mean ratio
of the effective dose to the absorbed dose of all radiation rays originating from
that source region, taking into account the stochastic property of the
10B(n,a)7Li reactions.

RESULTS AND DISCUSSION

The doses of the 10B(n,a)7Li reactions occurring in different regions of the
modeled cell were compared by means of dose factors (DFs) which are the ratio of
the dose from 10B in a source region x to that from 10B in the nucleus. Based on
the relationship of energy dissipation and the distance traveled by the charged
particle (8) and of a RBE vs. LET curve (4), the Monte Carlo simulation showed
that 10B disintegrations in the nucleus resulted in the highest dose factors,
meaning that it yielded the highest dose in the modeled cells when compared to
aoB disintegrations in other regions (Tables 1 and 2). The addition of RBE
values as a parameter, though having a peak at about 110 keV//*m and decreases at
higher LET (Figure 2), did not alter the sequence of the dose deposition
resulting from the same number of 10B disintegrations in different source
regions. The RBE values along each a or 7Li path appeared to vary little because
the peak of high energy deposition (high LET) and that of the RBE function
occurred in different phases, causing destructive interference to each other.
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Case 1:

Table 1

Dose Factors for 10B in different regions
Same number of boron disintegrations in each source region

10B source

Nucleus

Nuclear Membrane

Cytoplasm

Plasma membrane

Extracel. space

Vol. (/im3)

229.84

9.19

912.04

5.53

1052.39

NDF

1.000

0.583

0.155

0.078

0.030

TDF

1.000

0.930

0.751

0.473

0.198

RBE.NDF

1.000

0.612

0.186

0.101

0.043

RBE.TDF

1.000

0.918

0.733

0.474

0.222

Table 2

Dose Factors for 10B in different regions
Case 2: Same number of I0B disintegrations per

unit volume in each source region

10B source

Nucleus

Nuclear Membrane

Cytoplasm

Plasma membrane

Extracel. space

Vol.

229

9

912

5

1052

(pm3)

.84

.19

.04

.53

.39

1

0

0

0

0

NDF

.000

.024

.616

.002

.147

1

0

2

0

0

TDF

.000

.038

.980

.011

.920

RBE.NDF

1.000

0.025

0.739

0.002

0.202

RBE.TDF

1.000

0.038

2.909

0.012

1.019

Not all cells when irradiated will receive exactly the same 10B dose. The
probability of a cell receiving a dose at least 95% of the mean dose resulting
from a number of 10B disintegrations in a source region was termed Histogram
Factor. Tables 3 and 4 show the histogram factors for two cases: the same
number of 10B disintegrations was assigned in each source region and the same
number of 10B disintegrations par unit volume in each source region.
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Table 3

Histogram Factors for the boron doses from 10B
in different regions. Case 1: Same number of

10B disintegrations in each source region

10B source

Nucleus

Nuclear Membrane

Cytoplasm

Plasma membrane

Extracellular space

NHF

0.747

0.612

0.496

0.477

0.376

THF

0.883

0.834

0.729

0.643

0.531

Table 4

Histogram Factors for boron doses of
10B in different regions Case 2:

Same number of 10B disintegrations per
unit volume in each

10B source

Nucleus

Nuclear membrane

Cytoplasm

Plasma membrane

Extracellular space

source

NHF

1.000

0.632

0.878

0.476

0.700

region

1

0

1

0

0

THF

.000

.905

.000

.643

.961

The effectiveness of 10B localized in different regions of a cell was
evaluated by means of its Effectiveness Factor, defined by combining its Dose
Factor and the corresponding Histogram Factor. Table 5 lists the Effectiveness
Factors of B in each source region in the case where the same number of B
disintegrations was assigned in each region. When the cell nucleus was
considered as the sensitive target region, nuclear 10B was the most effective.
10B on the nuclear membrane was about 48% as effective, while cytoplasmic, cell
membrane and extracellular 10B were about 10%, 5%, and 2% as effective as nuclear
10B. If the whole cell was considered as the target for the radiation, the same
order of effectiveness was observed: 88%, 62%, 34% and 12% for 10B in the
nuclear membrane, cytoplasm, plasma membrane and extracellular space,
respectively, compared to nuclear 10B. The additional effect of the RBE
function, again, did not result in a significant difference in the effectiveness
of these disintegrations.
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Table 5

Effectiveness Factors for 10B in different regions
Case 1: Same number of 10B disintegrations

in each source region

10B source

Nucleus

Nuclear Membrane

Cytoplasm

Plasma membrane

Extracellular space

NEF

1.000

0.478

0.103

0.049

0.015

TEF

1.000

0.878

0.620

0.344

0.119

RBE.NEF

1.000

0.487

0.127

0.065

0.023

RBE.TEr

1.000

0.859

0.620

0.354

0.142

Similarly, Table 6 shows the Effectiveness Factors of 10B in different
source regions for the case where the same number of 10B disintegrations per unit
volume occurred in these regions. If the nucleus was the only radiation
sensitive region, the result showed that 10B in the nucleus gave the highest
effectiveness, 10B in the cytoplasm had an effectiveness about 54% as high, while
10B in the other regions was much less effective. If the whole cell was
considered the sensitive region, however, a concentration of 10B in the cytoplasm
gives about 3 times the effectiveness given by the same concentration of 10B in
the nucleus (Table 6). The volume of the source region (and thus the total
number of 10B disintegrations) was the dominant factor in this case.

Table 6

Effectiveness Factors for 10B in different regions
Case 2: Same number of 10B disintegrations per unit

volume in each source region

10B source

Nucleus

Nuclear membrane

Cytoplasm

Plasma membrane

Extracellular space

1

0

0

0

0

NEF

.000

.015

.541

.001

.103

1

0

2

0

0

TEF

.000

.035

.980

.003

.884

RBE.NEF

1.000

0.015

0.646

0.001

0.147

RBE.TEF

1.000

0.033

2.909

0.007

0.993

RBE values of the 10B(n,a)7Li reaction measured by different groups on
different cell lines appear to have different values ranging from 2.3 to 3.7
(7,10,11). The differences may have arisen from the fact that different
biological systems were used. In this study, simulation results showed that for
the same biological system and with the same biological end-point, the RBE of a
single 10B(n,a) Li reaction may range from 2.2 to 4.5 depending on the distance
from the 10B position to the target region (Figure 4). Table 7 shows the RBE
values of the 10B(n,a)7Li dose in each target region, delivered by 10B
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disintegrations in different source regions, obtained as the mean of RBE values
due to all radiations originating from that region.

Even though the RBE values obtained in this study are dependent on the
choice of the RBE function reported in ref 4, the advantage of computer
simulation clearly has been demonstrated since it provided the insight into the
differences among RBE values resulting from 10B(n,a)7Li reactions originating in
different regions of a cell. For another cell system or another biological end-
point, one can vary the RBE function, as appropriate, to obtain the corresponding
RBE values.

This microdosimetric analysis of 10B(n,a)7Li reactions occurring in modeled
cells showed that the nucleus would be the prime location of 10B to produce
highest effects for neutron capture therapy. Compounds such as boronated purines
and pyrimidine and their nucleosides are expected to function as analogues of
naturally occurring precursors of nucleic acids and thus, incorporate into the
DNA (12). When such compounds are used in conjunction with the increased tissue
penetration of an epithermal neutron beam, it is anticipated that marked increase
in therapeutic efficacy should be obtained.

tfi

2 4 6 8 10

Distance traveled by a particle (|im;

Alpha

IS 4

S
£ 3

1 2 3 4 5
Distance traveled by 7Li ion (jitn)

Lithium

Figure 4. RBE values of a and 7Li along their paths.
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Table 7

RBE values of 10B(n,a)7Li reactions
originating from different source regions. Two
cases were studied: 1) The cell nucleus (nucRBE)
and 2) the whole cell (totRBE) were considered

the target regions

10B source

Nucleus

Nuclear membrane

Cytoplasm

Plasma membrane

Extracellular space

nucRBE

2.73

2.86

3.29

3.55

3.90

totRBE

2.94

2.91

2.87

2.95

3.31

This work was supported by the DOE grant no. DE -89ER60814.
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DEVELOPMENT AND VALIDATION OF A SIMPLE MODEL FOR CELLULAR
AND CELL CLUSTER DOSIMETRY WITH PRACTICAL APPLICATION

IN TARGETED RADIONUCLIDE THERAPY

Bardies M* and Myers MJ**
INSERM U 211, Plateau technique du CHR, Quai Moncousu,

44035 Nantes Cedex, France* and Medical Physics,
Hammersmith Hospital, Du Cane Road, London W12 OHS, U.K.**

ABSTRACT

We have developed an analytical technique for calculating the mean absorbed
dose to the cell nucleus from a variety of spatial distributions of cells and
activities and a wide range of emitted energies and radionuclides. The dose to
the nucleus has been calculated using this method from activity distributed (1)
on the cell surface (2) throughout the cytoplasm (3) throughout a cluster of
cells (micrometastasis) and (4) on the surface of the cluster of cells.

The derived absorption factors have been based on the latest point kernels
of Berger and have been validated against published estimates. They show good
agreement and the model has the advantage of being easily adapted for revisions
and extensions of available low energy data.

Data sets may be derived with the absorbed fractions or the absorbed dose
per emission as a function of the radial extent of the activity, and either the
individual energies of the emissions or the totality of the emissions from a
particular radionuclide.

The practical applications of the model have included:
(a) calculation of the absorbed dose to radioinununo-targeted

micrometastasis in the peritoneum.
(b) calculations of doses to cells labelled on the surface with

some novel emitters such as 67Cu, 177Lu, 153Sm, ulAg, 186Re,
188Re as well as 131I, 125I and 90Y.

(c) comparison of doses to the cell nucleus from MIBG labelled
with 125I and 131I and distributed in the cytoplasm of the cell.

(d) estimates of the absorbed dose to the cell nucleus from alpha
emitters distributed on the surface of the cell.

INTRODUCTION

Therapy using monoclonal antibodies is still difficult to achieve, mainly
because of low tumor/non-tumor uptake ratios for large hypoxic tumors. We have
previously demonstrated (1, 2 that, in patients who underwent surgery for ovarian
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carcinoma, there was a low uptake of radiolabeled MAbs1 by large tumors after an
i.p. injection, due mainly to poor radioantibody accessibility. However, for
malignant cell clusters isolated from peritoneal fluid, uptake by tumors was
sometimes quite high (up to 20% of ID/g).

For a small malignant cell cluster whose size is less than a millimeter,
conventional macrodosimetry is not suitable, and since the last symposium,
several papers have been published to propose various cellular dosimetric
approaches (3,4,5). Our purpose is to present a simple model allowing for
calculation of dose estimates from several beta emitters. A slightly different
model has been used to compare these doses with those obtained with two of the
alpha emitters most often described in the literature. Among the several
radionuclides often described in the literature (6), we have selected 8 beta
emitters and 2 alpha emitters: S7Cu, 177Lu, 153Sm, 131I, luAg, 186Re, 188Re, 90Y,
211At and 212Bi.

MATERIAL AND METHODS

BETA EMITTERS

For beta emitters, the general model of absorbed fraction has been used
(7). For small targets or sources, of the same order of size as the maximum
electron range, one cannot consider the energy as locally imparted. Dose point
kernels for radionuclides have been published by Berger (8), and more recently by
Kwok (9) or Simpkin (10). As dose point kernels were not available for some of
the beta emitters in this study, our general method has been to calculate the
absorbed fractions for monoenergetic electrons for each geometry studied.

A program from the LMRI (Laboratoire de Metrologie des Rayonnements
Ionisants, Gif sur Yvette, France) allowed us to calculate the beta spectra of
the various emitters, and the final result was a simple integration of the
absorbed fraction over these spectra.

As a model, we have assumed a spherical geometry for cell clusters. We
considered a general model ;.n which activity is supposed to be uniform in the
spherical shell defined by two concentric sphere (radii Rl and R2). The mean
absorbed dose was calculated for an inner sphere of radius Rn. This general
model can be split into three particular cases (Figure 1):

The activity is homogeneous in the sphere radius Rn, 'volume
distribution'.

The mean dose in the sphere radius Rn is calculated from a
homogenous 'surface distribution' of radionuclide on the
source sphere, as in the dose to a nucleus from a cell
surface distribution of radionuclide.

The dose is calculated for a sphere immersed in infinite
radioactive material (nonspecific component of the dose for

Abbreviations used are: MAb, Monoclonal Antibody; i.p., intraperitoneal;
RIT, Radioimmunotherapy; LET, Linear Energy Transfer; MIBG,
Metaiodobenzylguanidine; NS, Nonspecific; CSDA, Continuous Slowing Down
Approximation.
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intraperitoneal radioimmunotherapy), 'homogeneous distribution'.
This model can also be applied to calculate the dose to the nucleus
from a cytoplasmic distribution of radionuclide.

The scale dose point kernels used here are Berger's latest point kernels
for water, obtained from Etran Monte Carlo code, version 21S (unpublished data).

Rl=Rn. R2->°Q R1=R2 R1=0. R2=Rn

Figure 1. General model adopted for calculation.

Volume Distribution of Radionuclide

For a distribution of radionuclide in the whole sphere, we calculated the
absorbed fraction, F (R,,, Eo), of the energy for monoenergetic electrons of
initial energy Eo, as described by Berger (11), with Rn varying from 5 /xm to 5
mm. The CSDA range of electrons r0, Rn and r are in cm.

1-1.5—+ 0.5—
2R. 2R.

F(-,E0)-dr
r
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Surface Distribution of Radionuclide

For a surface distribution of radionuclide, our model (12) has allowed the
calculation of the absorbed fraction of emitted energy from the source sphere
(radius Rs) in the target sphere radius Rn (Figure 2).

Figure 2. Geometric model.

In spherical coordinates, if S is the emitting point on the surface of the source
sphere radius Rs concentric with the target sphere radius R,,, we can write the
absorbed fraction in the target sphere, F_ (R,,, Eo) as:

With:

= K

Arc sin 8 _ X

*<*.*) = * J

^ ^ 2 sin2(6)

= R, cos9 -

The double integration was performed for several values of Rs and Rn, Rn less
than or equal to Rs, and Rs varying from 5 /JD to 5 mm.

Homgeneous Distribution of Radionuclide in a Spheric Shell

The calculation of the dose from a volume distribution of radionuclide
around the target sphere was performed for two applications:

Dose to the cell nucleus from a homogeneous distribution of
radionuclide in the cytoplasm, an application being the
comparison of radionuclides for MIBG treatment when activity
is assumed to enter the cell cytoplasm.
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Dose to a cluster of malignant cells from a radioactive
surrounding medium. This can be applied to the calculation
of the nonspecific component of the dose in intraperitoneal
radioimmunotherapy.

The mean dose to the target was calculated using results obtained either
with the previous surface distribution model, which is quick but somewhat
approximate, or by a direct program, more accurate but time consuming (some hours
of calculation on a Mac II FX). These two approaches gave essentially the same
results.

The absorbed fractions, calculated for monoenergetic electrons, were then
used to calculate the mean absorbed doses for each radionuclide.

ALPHA EMITTERS

For alpha emitters, we used a similar approach, simplified by the fact that
only monoenergetic emissions of particles need to be considered. The absorbed
fractions were calculated for surface distributions of radionuclides only, using,
a polynomial fit of the LET proposed by Sontag for monoenergetic alpha particles
in water (13).

For monoenergetic alpha particles travelling in a straight line without
scattering, we calculated the absorbed fraction, F,, (R,,, Ec) by using a geometric
model (14) similar to that used for beta emitters:

o

The variation of the stopping power dE/dX was calculated all along the track of
the particle (Figure 3).

535



300

E
200 •

2IIAt

100 •

Figure 3. Variation of stopping power as alpha particles
penetrate through water, for 2UAt.

The absorbed fractions were then used to calculate the mean doses by summing
the contributions of the various alpha emissions. As only surface distributions
were considered, we calculated the mean absorbed doses for spheres with radii
varying from 5 to 100 fan.

RESULTS

Figure 4 shows the variation of the mean dose per disintegration in an
hypothetic nucleus (Rn - 5/im) from various surface distributions (Rs between 5
and 15 /im for four emitters. The integral of these curves between 5 to 10 fim is
used to obtain the mean absorbed dose per emission from the cytoplasmic
distribution of radionuclide. This calculation gives:

1.64 10'2 cGy per disintegration for 125I
1.23 10'2 cGy per disintegration for 131I
0.52 10"2 cGy per disintegration for 90Y
3.25 10"2 cGy per disintegration for 153Sm
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2.0e-2

Figure 4. Mean dose to the nucleus from surface
distribution of radionuclide vs source sphere radius.

Although 125I has a higher theoretical dose than 131I, which is one of the
reasons why some groups (15) use it for MIBG treatments of neuroblastoma,
gives a much higher average dose to the nucleus.

153Sm

Figure 5 shows the variation of the mean absorbed dose to a central target
sphere (radius 5 /«n) from various surface distribution of radionuclides. To
allow easy comparison of these results, we have considered a constant surface
activity (1 Bq/cm2) . Here again, for small distances, we can note the importance
of monoenergetic emissions of electrons for Sm. If the source radius is
greater than 100 ftm the differences between the 8 radionuclides become small, and
above 1 mm, 90Y and 188Re give the best results.
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Figure 5. Variation of the mean absorbed dose to a central
target sphere (radius 5 fim) from surface distribution of
radionuclides on the source sphere (radius Rs).
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Figure 6. Mean dose vs sphere radius for the two alpha emitters.
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For the two alpha eniitters, we calculated the mean absorbed dose per
disintegration to a sphere labeled homogeneously over the surface, for sphere
radii varying from 5 to 100 pm (Figure 6). The difference between the two
emitters in terms of dose per disintegration, is small but the resulting doses
are very much higher than those achieved by beta emitters.

DISCUSSION

The mean absorbed dose per particle for a cell nucleus (Rn — 5 jum)
resulting from a homogeneous labeling on the cell surface (Rs - 10 pm) with 211At
is around 1.2 cGy. This value is to be compared with the results for beta
emitters, which gives 6.5 10"3 cGy for 131I, or 2.8 10"3 cGy for 90Y. This 200-400
fold increase in dose, or energy absorbed per unit mass, would be further
amplified if the quality factor of alpha emitters were taken into account.
However, for our applications for ovarian carcinoma, these advantages are
unlikely to be realized in practice.

The first limit is the range of alpha particles if we cannot demonstrate
the penetration of antibodies into the cell cluster. Moreover, the high toxicity
of alpha emitters is likely to create problems of radiation protection for both
patients and staff, since damage done by alpha emitters non-specifically bound to
the tumor cannot be neglected.

In addition, because of their capacity for damage, even a few alpha
particles may still inactivate a cell. The foregoing analysis was based on a
homogeneous labeling of the cluster surface. If the labeling is not uniform, due
to the limited number of alpha particles, there is still a possibility of
inactivating the target, but in this case the dose is more localized, cannot be
related to energy absorbed per unit mass and must therefore be considered as a
stochastic process.

APPLICATION

An application of our model has been made in order to estimate the dose
which could be delivered to malignant cell clusters of ovarian carcinoma. A
human cell line OVCAR NIH:3 has been used for its ability to aggregate in
clusters (Figure 7). Fixation-retention kinetics were performed with a
monoclonal antibody OC125, labeled with inIn.

For a specific activity of 444 kBq//ig, and an antibody concentration of 1
fig/ml, the maximum uptake value is obtained after 4 h, with a value of 5
ng/spheroid. This value remains constant up to 24 h, when the spheroids are
washed, and the quantity of bound antibody decreases with a biological half-life
of 75 h (Figure 8).
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Figure 7. Cell Cluster
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Figure 8. Retention binding values (ng/spheroid)
after 24 h incubation of F (ab')2 fragments of
inln-OC125 MAb and mIn-NS-TG03.
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The following calculation was based on the assumption that the parameters
of uptake-retention kinetics obtained with m I n could be extrapolated to each of
the beta-emitting radionuclides considered. This hypothesis was validated by the
use of a common labeling method for all the radionuclides except 1 3 1I, but
including m I n . However, that hypothesis remains approximate because of the
potentially variable labeling stability with each radionuclide considered. These
results have been used to calculate the dose that would be delivered to the
cluster by beta emitting radionuclides (Table 1). For an assumed radionuclide
surface distribution, without penetration into the spheroid, mean doses of over
400 Gy were calculated for samarium-153 (424 Gy), iodine-131 (457 Gy) and
lutetium-177 (527 Gy). For an assumed uniformed volume distribution, mean doses
of over 700 Gy were calculated for the dame radionuclides. The doses in the
center of spheroids (in parenthesis in Table 1), which are an indication of
therapeutic efficacy were significantly lower than mean doses but remained within
the tumoricidal range.

The nonspecific dose component was performed by computing the absorbed dose
per disintegration in the spheroid for an emission volume between Rs and Rs + the
maximum range of the most energetic emission, and by multiplying by the
cumulative activity. This activity was determined for the volume thus defined
and for the initial concentration used during the experiment. The nonspecific
component values obtained were low, regardless of the radionuclide (less than 10%
of the total dose), when compared to the specific component value.

Table 1
Dose estimates from uptake-retention kinetics for a specific activity of
444 kBq//*g, maximum uptake value 5 ng/spheroid. Dose estimates for the
center of the spheroids are shown in parentheses.

Mean absorbed doses (Gy)

^-emitting radionuclide

67Cu 177Lu a53Sm 131j U 1Ag 186Re 188Re 90y

Specific component

Volume
distribution

Surface
distribution

570

357
(184)

849

527
(306)

716

424

(161)

720

457
(261)

519

341
(219)

473

307
(199)

129

85
(54)

237

158
(105)

Nonspecific component

1.77 5.26 2.15 9.41 18.2 7.90 0.10 15.1

Finally, which of the 8 radionuclides considered here is the most suitable
for RIT? The highest absorbed doses for microscopic targets of 0.2 mm diameter
were calculated for iodine-131, lutetium-177 and samarium-153. The main
disadvantage of iodine-131, which is widely used in experimental and clinical
studies, is its gamma component which produces nonspecific irradiation of normal
tissues, including bone marrow. Antibody labeling in vivo is also less stable
with this radionuclide than with radiometals. The use of lutetium-177 is limited
by its low specific activity and difficult labeling chemistry. Samarium-153,
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which is quite easy to produce, has satisfactory specific activity and
radionuclide purity and a relatively simple labeling chemistry. For these
reasons, it has been selected for future i.p. RIT of micrometastases of ovarian
carcinoma in patients.
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ABSTRACT

Localized beta dose distribution in human thyroid from 131I was simulated
using a geometrical thyroid model. The model consisted of a hexagonal-close-
packed lattice of spherical follicles having a mean follicular diameter of about
200 ftm. The wall of each thyroid follicle consists of a single layer of cuboidal
follicular cells having an approximate thickness of 15 /im. The localized dose
(i.e., the variation in absorbed dose at the multicellular level) was calculated
using the Berger point kernel formula for absorbed dose distributions of beta
particles in water. Four factors affecting the localized beta dose distribution
were considered: (1) the activity level of 131I within the colloid of follicles,
compared to that in follicular cells and the interfollicular space; (2) the
diameter of follicles; (3) the fraction of follicles that actively concentrates
iodide during the time of exposure; and (4) the fraction of lobules of follicles
that are active during the time of exposure. The spatial distribution of dose at
the multicellular level was calculated for a thyroid having an average absorbed
dose of 1 Gy. No significant difference was found in the localized dose when the
131I activity level within follicles varied from 25 to 75 times the activity
level within follicular cells and interfollicular spaces, or when the average
follicular diameter varied from 170 to 230 /im. In these situations, the
localized dose was found to range from 0.8 to 1.2 Gy, varying by only 20% of the
mean. However, if only 20% of follicles were active at any time during the
exposure, the localized dose was found to be highly non-uniform, ranging from 0.4
to 3.0 Gy, and varying by a factor of 2.5 to 3 from the average thyroid dose.
Finally, if only 20% of lobules of follicles were active at any time during the
exposure, the localized dose was found to be highly non-uniform, ranging from
0.25 to 4 Gy, and varying by a factor of 4 from the average thyroid dose. This
simulation study suggested that the most important factor in assessing localized
dose (and perhaps risk) in human thyroid is the fraction of follicles or lobules
that are active during the time of exposure.

INTRODUCTION

Uptake of radioiodine by the thyroid may occur as the result of accidental
exposure to radioiodinated compounds and Pharmaceuticals, dehalogenation of
radioiodine-labeled compounds in diagnostic and therapeutic administration, and
environmental exposures to radioiodines released from nuclear facilities. The
health risks of radioiodine exposures are usually evaluated using the average
absorbed dose to the thyroid; however, the actual cellular-level distribution of
the absorbed dose is non-uniform because iodine concentrates within thyroid
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follicles and because the cells are small compared to typical 131I beta-particle
ranges. The uptake by individual follicles is non-uniform, giving rise to non-
uniform localized doses to multicellular regions.

The variation in absorbed dose at the multicellular level may be estimated
for well-defined geometrical models. If the spatial distribution of radioiodine
is specified with respect to the histological structure of the human thyroid
gland, the localized dosimetry (i.e., the variation in absorbed dose at the
multicellular level) may be estimated mathematically.

The volume fraction of tissue receiving a range of dose may also be
determined. The volume fraction concept is similar to the isodose region concept
in radiotherapy. Since the biological effects of incorporated radioiodine begin
at the cellular level, a characterization of both the localized dose distribution
and the fractional volumes receiving certain ranges of absorbed dose are directly
relevant to the resulting biological damage to the whole organ. In this study,
we simulated the localized beta dose distribution in human thyroid from 131I
using a geometrical thyroid model. Absorbed dose distributions were calculated
using the Berger point-kernel method, as described below.

GEOMETRICAL MODEL OF THE HUMAN THYROID

This section briefly describes the anatomical features of human thyroid
needed for constructing a suitable dosimetric model. A comprehensive description
of human thyroid anatomy and associated histology is given elsewhere (1-6).
Briefly, the thyroid is one of the largest of the endocrine organs, weighing
approximately 15 to 25 g in normal adult males (1, 4, 7). The normal thyroid is
made up of two lobes joined by a thin band of tissue called the isthmus. The
lobes normally display a nearly pointed superior pole and a blunt inferior pole
merging medially with the isthmus. Each lobe is approximately 2.0 cm thick and
2.5 cm wide at its largest diameter, and is approximately 4.0 cm long (1).

The lobes are typically asymmetric; the right lobe is often the larger of
the two. Figure 1 shows a schematic representation of a sectio'n of a healthy
thyroid gland as viewed under light microscopy. It shows that the gland is
composed of closely packed sacs called acini or follicles that are the basic
functional units of the thyroid. The thyroid gland is well-vascularized, with
each follicle surrounded by a close-meshed plexus of capillaries and connective
tissues. The shapes and sizes of the follicles vary considerably (from 0.02 to
0.9 mm in diameter) even within a single gland, but the small follicles
predomj.nate over the large (2, 4). Most of the follicles are approximately
spheroidal, with an average diameter of about 200 /*m.

When a follicle becomes active, the size of a follicle decreases and the
concentration of iodine in the follicle increases. The wall of the follicle
is lined by a single layer of closely packed cuboidal cells, approximately 15 /im
high. The cell height varies with the degree of glandular stimulation, becoming
columnar when active and flat when inactive (1, 5). The cuboidal cells are
supported by a basement membrane that separates the follicular cells from the
surrounding capillaries. Normally, groups of about 20-40 follicles are
demarcated by connective tissue septa to form a single lobule that receives its
blood supply by a single small artery (1, 4). Therefore, the functional state of
one lobule may differ widely from that of an adjacent lobule. The interior of
the follicle is filled with a clear proteinaceous colloid.
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Follicle

Interfollicular Space
and Capillaries

FollicularCell

Figure 1. The follicular nature of the
thyroid gland under the microscope.

The normal thyroid contains about 8-12 mg of iodine (or about 90% of total-
body iodine), which is bound to thyroglobulin and stored in the follicular
colloid (1, 4-5). The thyroid gland avidly takes up iodide from the
extracellular fluid by active transport and concentrates it to several times the
plasma concentration. Under normal circumstances, the ratio of the iodine in the
thyroid gland to that in serum, commonly called the T/S ratio, is about 25:1,
although in extreme cases it can be as low as 10:1 or as high as 250:1 (4, 6).

Our geometric model of human thyroid consisted of a hexagonal-close-packed
lattice of spherical follicles having a mean follicular diameter of about 200 pm
(Figure 2). The wall of each thyroid follicle was modeled by a single layer of
cuboidal follicular cells having an approximate thickness of 15 /tm. The
hexagonal-close-packed lattice model is one of two of the most tightly packed
regular lattices: given an infinite lattice, the follicle pattern can repeat
itself in alternate layers in either an ABAB or ABCABC format. However, for
dosimetry modeling, there should be little difference between the two. The
coordinates of the centers of follicles (xityj,zk) in an infinite hexagonal-
close-packed lattice were obtained by the following equations:
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Average Follicular Diameter (excluding Follicular Cells) = 200

Thickness of Follicular Cells = 15 |i.m

Follicules including
the Follicular Cells

Figure 2. The hexagonal close-packed model of the thyroid follicles.

** = H d- (1)

-z ̂  d mod (k,2), and
(2)

x± = id + — mod (Jt+j',2),
(3)

where d is the mean follicular diameter (including the follicular cells) and
mod(m,n) is the remainder when m is divided by n. Four factors affecting the
localized beta dose distribution were considered:

• The activity level of 131I within the colloid of follicles compared
to the level in the follicular cells and the interfollicular space.- -
The 131I activity was assumed to be uniformly distributed in
the colloid of follicles and 25 times higher than the activity
concentration of the follicular cells and the interfollicular space.
For simulation purposes, the activity ratio was varied between 25:1
and 75:1.

• The average diameter of follicles.- - The hexagonal-close-packed model
was assumed to bs a static model, meaning that the average diameter
of the follicles remained constant during the exposure. Localized
doses were calculated for different average follicular diameters,
which we varied from 170 to 230 pm.
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• The fraction of follicles assumed to be active.- - Not all follicles
actively concentrate iodide during exposure to beta-particle
radiation. To simulate the effect of active versus inactive follicles
on the localized dose distribution, the fraction of follicles assumed
to be active was assumed to be 0.2.

• The fraction of lobules assumed to be active.- - Twenty to forty
follicles join to form a single lobule, supplied by a single artery.
Therefore, it is more likely that follicles belonging to the same
lobule, rather than individual follicles, are in the same functional
state. To model the effect of lobule activity on the localized dose
distribution, the fraction of active lobules was assumed to be 0.2.
To model a single lobule, a single follicle was selected and a sphere
was drawn from the center of the follicle. The number of follicles
whose center was within this sphere was found to increase with the
radius of the sphere. Our calculations indicated that when the radius
of the sphere increased from 1.65 to 1.9 times the average follicular
diameter, the number of follicles included within the sphere increased
from 21 to 39. Therefore, we concluded that a single lobule may be
modeled by randomly selecting a single follicle and assuming that all
follicles whose center is within a distance of 1.65 to 1.9 times the
average follicular diameter from the center of the central follicle
are actively assimilating iodine. With this assumption, the size of a
single lobule ranged from 0.8 to 1.0 mm in diameter.

There is no evidence that particular regions of thyroid (or groups of lobules)
would be much more active than other regions (8). We therefore modeled follicles
and lobules as randomly selected units in space.

METHOD OF DOSE CALCULATION

Dose calculations were performed using the Berger's kernels (absorbed dose
distributions) for beta point sources in water (9). This method permits one to
estimate the dose rate at a given distance from a point source:

AYkE% f,U/^0) (4)

where A is source activity, Y is beta yield, k is an energy unit conversion
constant, X90 is the radius in which 90% of the point source energy is absorbed,
p is the density of the absorbing medium, E^ is the average beta-particle energy,
X is the distance from the point source, and Ffi(X/X90) is the scaled absorbed
dose distribution which is a function of the distance from the source as a ratio
of this distance to the X90 distance. The radiological characteristics of 131I,
including E^ and XB0, are shown in Table 1.
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Table 1. Radiological Characteristics of

Physical Quantity Value

Maximum 0 energy, E^^ (MeV)

Average 0 energy, Efi (MeV)

Maximum (CSDA) Range (ftm)

90 percentile distance, Xg0 (/un)

Absorbed Fraction, <f>100

Absorbed Fraction, ̂ 500

0.81

0.18

1480

822

0.23

0.72

Figure 3 shows the beta dose as a function of distance, D(X), from an 131I
point source for a cumulative activity of 3.7 x 10* Bq-s (1 /*Ci-s). This
distribution is essentially identical to that obtained by other investigators
(10-12). The 1J1I in our thyroid model was assumed to consist of 131I point
sources. The beta dose to a target point is the sum of the dose contributions
from all the sourcs points within the range of the 131I beta particles, given by:

D = f j j Sv(x' ,y' ,z')D(X)dx'dy'dz', (5)

where Sv is the cumulative activity per unit volume at the source point
(x'.y'.z') relative to the target point. The maximum range of m I beta
particles was estimated to be 1.8 times the X90 distance, or 1480 /xm (9). If the
distribution of activity were fairly uniform within the colloid of follicles and
throughout the follicular cells and the interfollicular spaces, then the dose
calculation could be reduced to a one-dimensional integration.

CO

o
Q

Figure

Cumulative Activity = 37,000 Bq-s (1 |iCi-s)

200 400 600
Distance, X

800 1000

3 . The
90%

beta dose as a function of distance from a point source. About
of energy is deposited within a sphere of 822-/im radius.
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The geometry of the dosimetry model for calculating dose distributions
within the hexagonal-close-packed model is shown in Figure 4. Integration was
performed by considering an infinitesimally thin spherical shell of activity of
radius X and the dose point at the center. The activity on the shell surface was
not assumed to be uniformly distributed because the area intersecting the colloid
of active follicles was assumed to have a greater concentration of iodine.

Figure U. Calculation of beta dose from 131I activity
in follicles and interfollicular space.

If the activity concentration within the colloid of follicles is k times
greater than the activity concentration Sv in the follicular cells and the
interfollicular space, the total activity on the shell surface may be calculated
from the intersecting areas of the shell and the colloid of follicles. The area

M>
on the shell intersecting the i h follicle is:

-
- X)2] (6)

where a is the average radius of the colloid within follicles (excluding the
follicular cells) and pi is the distance from the dose point to the center of the
:th follicle. The fraction fA of the shell-surface area that intersects the
colloid of follicles is the summation of the intersecting areas divided by the
surface area:

[a2 - (p± - X)
4XPi

(7)
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For special cases where there are no intersecting areas, fA - 1 if the source
point is within the colloid of an active follicle and fA - 0 if the source point
is outside. The total beta dose to the target point is therefore:

D = 4«J"1M" sv[(X-fA) + kfA]D(X) X
2 dX, (8)

where k is the ratio of activity concentration in the colloid of follicles to the
follicular cells and the interfollicular space. The integration was performed at
different grid points to obtain the spatial distribution of localized dose.

RESULTS

Figure 5 shows the localized beta dose distribution f(D), which is the
fraction of tissue volume receiving a localized dose D, for different activity
levels of 131I within the colloid of follicles, compared to that in the
follicular cells and interfollicular space. The area under the histogram f(D) is
normalized to unity. To obtain this result, the average follicular diameter was
assumed to be 200 /*m. All thyroid follicles were assumed to be active. The dose
distributions for the activity levels of 25:1, 50:1 and 75:1 are also shown. The
localized dose distribution was fairly uniform for a normalized average of 1 Gy.
Localized beta dose distributions were found to range from 0.8 to 1.2 Gy, varying
only by 20% of the mean. In the same example, the mean dose to follicular cells
was found to vary from 0.93 to 0.95 Gy (5 to 7% lower than the average whole-
organ dose of 1 Gy). By comparison, the center portions of follicles were shown
to receive higher doses, whereas the follicular cells and interfollicular spaces
were shown to receive lower doses, as expected (Figure 5).

i_
CD
Q.

C

o
JO

CD
CO
O

o

6-

4-

2-

n-

Activity
Ratio

.........

1

1 •,

25

50

75

0.6 0.8 1.0 1.2
Localized Dose, D [Gy]

1.4

Figure 5. Localized dose distribution for different activity ratios.

551



Figure 6 shows the localized beta dose distributions for follicles having
average diameters of 170 and 230 /im. For this next example, we assumed that the
activity ratio of 131I within the colloid to extra-follicular space was assumed
to be 25:1. We again normalized the whole-organ thyroid dose to 1 Gy. We found
that the localized dose ranged from 0.8 to 1.2 Gy from the mean, varying by only
about 20%.
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Follicular Diameter
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• •

0.6 0.8 1.0 1.2
Localized Dose, D [Gy]

1.4

Figure 6. Localized dose distribution for different follicular diameters.

The localized dose distribution depends slightly on the average follicular
diameter; the 170-/im diameter gave only a slightly more uniform dose distribution
pattern than did the 230-/im-diameter follicle.

Figure 7 shows the localized beta dose distribution for a situation where
20% of follicles were active during exposure to 131I. This calculation was
performed for average follicular diameters of 170 and 230 /im, respectively, and
assuming the ratio of the 131I concentration inside the colloid to extra-
follicular space to be 25:1. In this example, the localized dose distribution
was found to be non-uniform; beta doses ranged from 0.4-3.0 Gy, varying by a
factor of 2.5 to 3 from the normalized average thyroid dose of 1 Gy. Selection
of an average follicular diameter of 170 /im gave a slightly more uniform dose
distribution than selection of a 230-/im diameter. The greater doses were due to
active follicles or cells and other connective tissue in the vicinity of an
active follicle. This example also showed that by volume, more than 60% of the
tissue received a lower dose than the average to the whole thyroid.
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Figure 7. Localized dose distribution when only 20% of follicles are active.

Figure 8 shows the localized beta dose distribution for the example where
20% of lobules were active during the time of exposure. This calculation was
performed assuming an average follicular diameter of 230 fim and an activity ratio
of 25:1. The localized dose distribution for a case where 20% of lobules were
active was found to be more non-uniform than for the example where 20% of
follicles were assumed to be active (see Figure 7). The localized beta doses
ranged from 0.25 to 4.0 Gy, varying by about a factor of 4 from the average
thyroid dose normalized to 1 Gy. The regions with the greater doses represent
areas involving active lobules or cells in the vicinity of follicles within an
active lobule. These results also indicate that, by volume, more than 70% of the
tissue received a lower dose than the average thyroid dose.
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DISCUSSION

The purpose of this study was to model the human thyroid gland for
determining the localized dose distribution when exposed to l31I. Based on the
histological data available in the literature on the size and packing of
follicles, we modeled the follicular nature of the thyroid using a hexagonal-
close-packed lattice, which represents the tightest packing of a regular lattice.
This study represents application of a relatively simple geometrical model to
evaluate complex biological situations; the same approach to localized dosimetry
may be applied to other cases (such as follicular lymphoma) where the tissue of
concern has similar geometrical features (13). Applying this relatively simple
model, we determined the effects of four factors on the localized dose
distribution: (1) the activity level of 131I within the colloid of follicles
compared to that in follicular cells and the interfollicular space, (2) the
average diameter of follicles, (3) the fraction of follicles that actively
concentrates iodide during the time of exposure, and (4) the fraction of lobules
of follicles that are active during the time of exposure.

We found that if all the follicles were active during the time of exposure,
no significant differences in localized doses resulted. This result held true
for each of two tests: when the 131I activity level within follicles varied from
25 to 75 times the activity level within follicular cells and interfollicular
spaces; and when the average follicular diameter varied from 170 to 230 fim. In
each situation, the resultant localized dose differed by only 20% from the mean.
In addition, the localized dose distributions compared well, indicating that
variation in the activity level or the average follicular diameter had only a
small effect on the localized dose distribution.

If only a fraction (for example, 20%) of follicles or lobules were active,
the localized dose was found to be highly non-uniform and varying by a factor of
2.5 to 4 from the average thyroid dose. In addition, the variation of localized
doses increases with the fraction of follicles or lobules that are active. This
study suggested that perhaps the most important factor in assessing localized
dose in human thyroid is the fraction of follicles or lobules that is active
during the time of exposure.

This dosimetric study was a preliminary attempt to model the localized beta
dose of the huniĉ  thyroid, and as such, had certain limitations. The dose
calculations were performed on a "static" model. It was assumed that during the
time of exposure: (1) the sizes of follicles remained fairly constant; (2) the
follicles or lobules that were active remained in that functional state, as did
the inactive follicles or lobules; (3) the activity concentration withiu the
colloid of follicles remained constant to the activity concentration in the
follicular cells and the interfollicular space; and (4) the activity was fairly
uniformly distributed within the follicles and uniformly distributed throughout
the follicular cells and the interfollicular space. However, we do not expect
more detailed analyses to significantly alter these preliminary results.

For applications in radiological risk analysis, the localized dose
distributions (shown in Figures 5-8) provide much more information than the
simple average. Information on the average dose, the variation of the localized
(or multicellular) dose from the mean, and the fraction of tissue receiving a
dose higher oi lower than a certain value can be interpreted from the localized
dose distribution. For instance, when 20% of lobules are active during the time
of exposure, about 50% of the tissue received doses lower than 0.7 Gy, about 70%
received doses lower than the average thyroid dose of 1 Gy, and about 10% of the
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tissue received doses higher than 2 Gy (see Figure 8). The range of localized
dose was 0.25 to 4.0 Gy. These parameters make it possible to evaluate more
completely the dose-response relationship for iodine in the thyroid.
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ABSTRACT

Radiation doses to the epithelial cells of thyroid follicles have been calculated for internal exposure
by radionuclides of iodine and by secondary radiations created as a result of interactions of externally
administered x rays with iodine naturally occurring in the thyroid. Calculations were performed for the
thyroids of subjects ranging from the newborn to the adult male. Results for internal radionuclides are
reported as the dose rate to folhcular-cell nuclei per unit specific activity of the radionuclide in the thyroid as
a whole, i.e., as the specific "S value" as used in the MIRD method for internal dosimetry. Results for x rays
are reported as the response function, i.e., the absorbed dose per unit fluence of primary x rays. Dose rates
are subdivided into internal and external components, the former from radiations emitted within the colloid
volume of any one follicle, and the latter from radiations emitted throughout the thyroid in follicles
surrounding that one follicle.

INTRODUCTION

The radiosensitive cells of the thyroid are the epithelial follicular cells which line the many closely
packed follicles containing iodine-rich colloid (1). The follicular cells form shell-like layers, one cell thick,
surrounding the spherically shaped colloid volumes. The colloid volumes are rich in iodine, containing
upwards of 90 percent of the iodine present in the entire body (2). This is a report of calculations of
absorbed dose rates in follicular cells (a) for radioisotopes of iodine present in the colloid volumes of human
subjects, and (b) from secondary electrons and photons produced in the colloid volumes as a result of
interactions of externally administered x rays with iodine naturally present in the colloid. Results for internal
radionuclides are in the form of the specific "S value" (absorbed dose per unit specific activity), i.e., S value as
used in the MIRD method for internal dosimetry (3) divided by the thyroid mass. Results for x rays are in
the form of the response function, i.e, the absorbed dose per unit fluence of primary x rays. The thyroid-
anatomy reference model for the calculations is based largely on data for the normal adult thyroid of
Reference Man (2); however, thyroid-follicle dimensions were adjusted to be appropriate for subjects of
various ages.

Reduction factors, defined as absorbed dose rates in targets divided by energy release rates per unit
mass in sources (4), were calculated for follicular-cell nuclei as targets and monoenergetic electron sources
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uniformly distributed within the colloid regions of thyroid follicles. These calculations were based on Berger's
scaled point dose kernels derived from electron Monte Carlo transport calculations (5). Reduction factors for
photon sources within the thyroid were obtained from calculations of Cristy and Eckerman (6). Energy spectra
of beta particles and energies and frequencies of all gamma rays, x rays, Auger electrons, and conversion
electrons were calculated using the EDISTR code (7). Spectra and frequencies used in the calculations were
those derived in preparation of the MIRD compendium of radionuclide data and decay schemes (8). For those
isotopes not included in the MIRD compendium, spectra and frequencies were the same as those used in
preparation of ICRP Publication 38 (9).

ANATOMY OF THE THYROID

The thyroid gland is made up of millions of .'spherical shaped follicles, each of which is lined with a
single layer of epithelial follicular cells encapsulating a gelatin-like colloid. The follicular cells are responsible
for the generation and regulation of thyroid hormone. The colloid serves as an extracellular reservoir of
thyroid hormones and constitutes upwards of 50 percent of the mass in the thyroid of the adult. While the
follicles vary in size, they uniformly fill the thyroid capsule (10,11). The interfollicular stroma encompasses
blood vessels, lymphatic vessels, and nerve fibers (12). Follicular-cell malignancies account for more than 90
percent of all thyroid carcinomas, and irradiation of the follicular cells leads to carcinomas of various
classifications. As stated in ICRP Publication 26 (1),".. . the cells at risk in the thyroid gland appear to be
the epithelial cells of the follicles for which the dose calculations should be made." In most cases, the dose to
these cells is well approximated by the mean dose to the whole gland as assumed by Committee 2 in ICRP
Publication 30 (13).

Figure 1 is a sketch of a cross section of the thyroid, illustrating how any one follicle is surrounded by
many others, with a double layer of follicular cells existing at the boundary. If radiation sources are contained
within the colloid, irradiation of cells of the epithelium in any one follicle arises internally, i.e., from the
colloid contained in that same follicle, and externally, i.e., from the colloid contained in surrounding follicles.
There are many anatomical features which bear on dosimetry calculations. They are taken up individually in
succeeding paragraphs.

THYROID MASS AND IODINE CONTENT

There is considerable variation of mass, even among normal adult thyroids. DeGrcot et al. (14)
suggest a range of 15 to 20 grams. Fawcett (15) suggests a range of 25 to 40 grams. Halmi (12) suggests that
20 grams is typical, and that same value was selected for Reference Man as being typical of Western European
populations (2). Iodine content of even the normal thyroid varies greatly. The ICRP selected 12 mg as being
typical for Reference Man, but acknowledged the variability. Fragu (16) cites several studies of the normal
thyroid, individually reporting as low as 8.2 ±2.2 mg (30 subjects) and as high as 15.6 ±4.8 mg (18 subjects).
The same studies reveal as much as three times the normal iodine content in the thyroid in cases of untreated
clinical hyperthyroidism. In certain conditions of hypothyroidism, iodine content can approach zero,

FOLLICLE DIMENSIONS

Fawcett (15) gives a range of 10 to 450fi m for follicle radii. Nadler (17) and Van Middlesworth (11)
give ranges of 50 to 500 (i m. These are broader ranges than many other reports indicate. Gillespie et al. (18)
give a range of radii from 25 to 150p. m and suggest that the average radius is between 75 and 100/A m.
Gavron and Fiege (19) give a range of radii from 25 to 200 fi m, and Heimann (20) gives a range of 15 to 200
fj. m. The Reference Man average follicle radius is 150/* m. This is a widely cited value(10,21). Reddy and
Kaul (22) assume that adjacent colloid volumes are separated by a distance of 75 /JL m. This seems to be an
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Fig. 1. Sketch of a section through the normal human thyroid, drawn from a photomicrograph of Heimann
(1966). The inset shows schematically the epithelial layers of adjacent follicles and the placement of
nuclei within the follicular cells. In the figure, C denotes colloid, E epithelium, S stroma, and N
nuclei.

extreme choice, applicable only to the thyrotoxic gland, and is in substantial variance with Heimann's (20)
observation that the interfollicular space is at most several |tm in width. Heimann also cautions that, in some
sections of the thyroid, there appear to be "compact heaps" of follicular cells, but that such heaps probably
represent tangentially cut follicles. A similar caution was expressed by Nadler and Leblond (23) who pointed
out that clusters of small epithelial cells appearing in histological preparations could be accounted for
completely by tangential sections of larger follicles.

Although the distribution of follicle sizes is an important determinant of the kinetics of iodine
turnover in the thyroid (24), quantitative information is available almost exclusively from animal studies.
Nadler and Leblond (23) reported results of a study of the frequency distribution of follicle diameters for
thyroids of the young rat (125 g). They found an insignificant number of follicles with diameters less than 15
|im and very few follicles with diameters greater than 100 p.m. Between these limits, the distribution function
was roughly Gaussian in shape (normal distribution in diameter), with a mean of 51 \im but a mode of 35
Jim, i.e., skewed slightly toward greater diameters.

FOLLICULAR-CELL DIMENSIONS

Gfllespie et al. (18) describe normal follicular cells as being flat or ciV>eida! with widths about 5 fim
and depths (outward from the colloid) 2.5 to 7.5 jtm. They also observe that .he nucleus of the follicular cell
is centered about 3 Jim from the apex of the cell which is adjacent to the colloid. Booz and Smit (25) give 4
Jim as the diameter of the follicular-cell nuclei. This is consistent with the observations of Heimann (20) who
also observed that, in the normal thyroid, the nucleus is large in relation to the volume of the follicular cell, is
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positioned centrally in the cell, and is most often oval, with the long axis parallel to the cell surface. Most
sources place the depth of the normal cell at 15/x m (2,10,21), based on work of Rawson and Starr (26).
Gillespie et al. observe that, as the colloid volume decreases, e.g., in the thyrotoxic gland, the follicular cells
elongate, with depths varying from 10 to 30 /x m (15 p. m on average) and the nuclei are moved outward from
the apices of the cells (to a distance of 10/A m on average). Reddy and Kaul (22) also observe that the depth
of the follicular cell is inversely related to the radius of the colloid. They point out that for a 15^. m radius
colloid volume characteristic of the hyperactive thyroid, the follicular cell may have a depth of 20/u. m with the
nucleus being centered about 10 (i m from the colloid boundary, while, for a 150** m radius colloid volume, the
cell may have a depth of 8/x m with the nucleus being centered only 3/x m from the colloid boundary. As
pointed out by Halmi (12), the depth of the follicular cell depends on the intensity of stimulation by pituitary
thyrotropin. Wollman (24) states that, in the thyroid, follicular cell depth is 6 to 7 /A m, but that the depth may
be as little as 2/u, m in hypophysectomized rats or as great as ISfi m in stimulated (hyperplastic) glands.
Nadler and Leblond (23) made a thorough study of the epithelial depth in thyroid follicles of the rat, finding
no variation with colloid radius. Mean depths ranged from 6.9 to 7.2 fi m for colloid radii from 10 to 45 fi m.

COLLOID, EPITHELIUM, AND STROMA MASS FRACTIONS

An important factor in dosimetry calculations is the mass fraction of colloid in the thyroid. If follicles
were constant in radius and if the epithelium thickness were independent of follicle size, then the ratio of the
colloid and epithelium mass fractions would be fixed. The same would be true if the follicle radii were
distributed in any prescribed manner. Correlation between the mass fractions of colloid and stroma is less
clear, except for the known increase in vascularization that takes place in the instance of chronic
hyperthyroidism.

Uotila and Kannas (27) report mass fractions derived from a number of measurements made on
normal human thyroid tissue: colloid wc= 0.425 to 0.603 (0.48 average), epithelium we = 0.308 to 0.480 (0.39
average), and stroma w, = 0.098 to 0.160 (0.13 average). These are the values adopted for Reference Man.
Uotila and Kannas also report one study of colloid goiter for which w.was only 0.01 and wcand we were
respectively 0.86 and 0.13. They report several studies of hyperthyroidism, with w, varying from 0.03 to 0.13
(mean 0.06), wcfrom 0.06 to 0.66 (mean 0.37), and wcfrom 0.30 to 0.89 (mean 0.57). Most reports of thyroid
dosimetry calculations for the adult place a lower limit of 0.5 on wc (18,19,28). Gillespie et al. and Gavron and
Fiege give a range of 0.5 to 0.75, and Booz and Smit (25) use a value of 0.67. In his work, van Best (29) uses
w, = 0.10. While not directly comparable, Walinder's (30) observations of mass-fraction variations during the
growth and development of the fetal and juvenile thyroid gland in the mouse are compatible with the
above-cited mass fractions. He found that, as the normal animal matured from the 18-day fetus to age 60 days,
wc increased from 0.03 to 0.42, we decreased from 0.84 to 0.45, and w, remained nearly constant at 0.13(range
0.10 to 0.13).

AN ANATOMIC MODEL FOR DOSIMETRY CALCULATIONS

Figure 2 illustrates the geometry chosen for dosimetry calculations. Any one follicle is chosen as the
reference follicle. The colloid volume is spherical, with radius rc. The epithelium layer of follicular cells is
treated as a spherical shell with inside radius rcand thickness S. Follicular-cell nuclei are assumed to be
positioned centrally, with boundaries at equal distances C from the cell boundaries. Follicles surrounding the
reference follicle are approximated as being an infinite homogeneous mixture of colloid, epithelium and
stroma, with the mass fraction of iodine equal to that for the thyroid as a whole. This surrounding medium is
separated from the reference follicle by a distance of S, i.e., by the thickness of a second epithelial layer. The
principal factors affecting radiation dose to nuclei of follicular cells of the thyroid are (1) mass fraction of
colloid, (2) follicle size (distribution), (3) foliicular cell depth, and (4) location of the nucleus within the
follicular cell. Because of uncertainties in both epithelium depth and interfollicular separation, we see no
reason to treat the latter as an independent variable, choosing to absorb its uncertainties with those of the
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epithelium depth. Likewise, in view of the same uncertainties, we see no reason to account for any variation
of nuclear volume with follicle volume. Instead, we evaluate what we call the follicular-cell dose as the
average dose between radii corresponding to the apical and basal boundaries of the nucleus of the cell, as
described below, with distance £, reckoned as about one-third the depth S of the cell, measuring the distance
from the nuclear boundary to the cell surface. For radioiodine dose calculations we treat the epithelium
depth S and the distance £ as parameters for central, lower-bound, and upper-bound estimates of the
absorbed dose.

There are certain constraints in the choice of the colloid mass fraction. First, the colloid, epithelium,
and stroma mass fractions must total unity. Second, the colloid and epithelium mass fractions wc and we are
correlated if the epithelium depth is either constant or a prescribed function of the colloid radius. Third, the
colloid mass fraction must be consistent with reasonable assumptions about the follicle size distribution.

There are likewise constraints in the choice of colloid radius or the distribution function for colloid
radii. If the follicles were all equal-diameter spheres and were closely packed (hexagonal close-packed or
face-centered cubic), they would occupy at most 74% of the volume (or mass) of the thyroid, as calculated
from the lattice spacing. This would leave a stroma mass fraction of at least 0.26. The known distortion of
the follicles into more nearly cubical shapes vrould accommodate a smaller stroma mass fraction. For this
reason, in arriving at representative colloid mass fraction for the calculations, we use the Reference-Man
value of 0.13 for the stroma mass fraction.

Colloid

Cell-nuclei f '
boundaries—^^

Folliculai—cell layers

Colloid, stroma, and
epithelium mix

Fig. 2. Geometry for the calculation of absorbed dose rates in the cells of a reference follicle in the thyroid.
Spherical colloid volumes are surrounded by follicular cells of depth 5 within which nuclear
boundaries are distance £ from apical and basal surfaces of the cells. Surrounding follicles are
treated as a homogeneous medium with a source region separated by distance S from the outer
surface of the epithelium of the reference follicle.
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It is difficult to reconcile the colloid and epithelium mass fractions and the follicle dimensions cited
for Reference Man (2). Indeed, it cannot be done for spherical colloid volumes of uniform radii.
Reference-Man values of rc = 135 pm and 5 = 15 urn require that the ratio W./W,., which for spherical follicles
is equal to (1 + S/rc)

3- 1, take the value 0.37, independent of the stroma mass fraction. If 6 were reduced,
w,/wc would be even less. However, the Reference-Man value of the ratio is about 0.8!

Suppose, instead, we assume that colloid radii have a normal distribution. This is consistent with the
quantitative observations of Nadler and Leblond (23). It is also consistent with the qualitative observation of
Fawcett (15) that small follicles predominate over large, since a normal distribution in radius leads to a
distribution in volume skewed toward the smaller volumes. The mean value of the ratio w ^ i s given by

We/wc= <(1 + <S/rc)
3> - 1

where < > denotes the average over the distribution function for rc. In order for W./W,. to be equal to the
Reference-Man value of 0.8, it would be necessary for rc to be normally distributed with a mean of about 80
ju. m and a standard deviation of about 20 /JL m. The SO-fi m mean colloid radius is lower than most reports
would support, and is certainly lower than the Reference-Man value of 135/u. m. One could rationalize w,/wc=
0.8 for larger values of the mean rconly if the epithelium thickness S were substantially greater, which seems
unlikely. For these reasons, we believe that it is not realistic to expect such a large epithelium mass fraction as
was prescribed for Reference Man.

We examine relationships among wc, w5, and we by way of an example. It would seem plausible tc
suppose that (a) for the adult male, the mean colloid radius and epithelium depth are the Reference-Man
values of 135/u.m and 15 /i m respectively, and (b) that the colloid radii are normally distributed with a

standard deviation of 35/A m, i.e., about 25 percent of the mean. For these conditions, we/wc= 0.40. If w.were
0.13, then wc= (1 - w,)/(l + v/Jwc) would be 0.62, and we would be 0.25. All parameters except weare
compatible with previously cited data.

To aid in selecting values of age-dependent colloid mass fractions for the dosimetry calculations, we
examine the variability of wc with age-dependent colloid radius rc, assuming an age-independent stroma mass
fraction w, = 0.13, an age-independent epithelium depth of S = 15p, m, and an age-independent { = 5(im
thus positioning the nucleus centrally in the follicular cell. Our analysis is based on mean values of rc reported
by Wetzel (31) and adopted by the ICRP (2) for subjects of various ages. The colloid mass fraction is
computed on the basis of a normal distribution of colloid radii with the standard deviation one-fourth the
mean. We interpolate among Wetzel's data in order to permit distinction between subjects of age 10 and
subjects of age 15, the latter taken to represent the adult female as well. Table 1 lists the values of r. and wc

used for the nominal or central-value estimates of thyroid dose.

Table 1. Thyroid masses and central values of colloid radii and mass fractions
used in the calculation of dose rates in thyroid follicular cells

Case mass(g) rc(iLtni) wc

Newborn 1.29
Age 1 1.78
Age 5 3.45
Age 10 7.93
Age 15 12.4
Adult male 20.7

20
35
85

100
115
135

0.1
0.3
0.5
0.6
0.6
0.6
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While the choice of wcis important in the evaluation of the absorbed dose rate, with only minor
inconvenience one can make allowances for other choices. Contributions from x rays and gamma rays are
independent of colloid mass fraction. Contributions to the absorbed dose rate for cells of one follicle arising
from electrons originating in surrounding follicles (the ex-follicle contributions) are independent of colloid
mass fraction. Contributions from electrons created within the follicle (the in-follicle contributions) are
inversely proportional to colloid mass fraction. Thus, one may scale individual contributions to account for
any colloid mass fraction. For this reason, individual contributions to absorbed dose rates are reported.

REDUCTION FACTORS USED IN DOSIMETRY CALCULATIONS

In the procedure to be described, the reduction factor (4) for a source/target combination is the ratio
of the average absorbed dose rate in the target to the energy release rate per unit mass in the source, the
latter being also the absorbed dose rate in an infinite medium with the same energy release rate per unit mass
as is present in the source volume.

PHOTON REDUCTION FACTOR

Photon reduction factors #>P(E) for the entire thyroid as source and target and for subjects ranging
from the newborn to the adult male were taken from the compilation of Cristy and Eckerman (6). A log-log
cubic spline fit was used in the interpolation among the data.

ELECTRON REDUCTION FACTOR

Reduction factors for monoenergetic electrons are calculated for the following two cases.

Internal reduction factor <pA(E): This reduction factor applies to the calculation of the follicular-cell
absorbed dose arising from sources within the colloid region surrounded by the follicular cells. The reduction
factor is defined as the ratio of the average absorbed dose rate within a spherical shell encompassing the
follicular cell nuclei to the absorbed dose rate in an infinite medium with the same electron source strength.

External reduction factor yj^E): This reduction factor applies to the calculation of the follicular-cell
absorbed dose arising from sources contained within the colloid regions of all follicles surrounding a reference
follicle. The approximation is made that the surrounding follicles are a homogen'jous mixture of colloid,
epithelium and stroma in the same proportion as in the thyroid as a whole. The reduction factor is defined
as the ratio of the average absorbed dose rate in a spherical shell encompassing the follicular cell nuclei and
located within a spherical non-source region completely surrounded by a uniform infinite source to the
absorbed dose rate in an infinite medium with the same electron source strength.

The internal reduction factor #>d(E) applies to the calculated in-follicle contribution to the follicular-
cell absorbed dose rate arising from sources within the colloid region surrounded by the follicular cells. As
illustrated in Fig. 2, <Pd(E) is calculated for the spherical shell with inner and outer radii given respectively by
rc + £ and rc + S - £ surrounding a source snnere of radius rc.

The external reduction factor ^eo(E) applies to the calculated ex-follicle contribution to the follicular-
cell absorbed dose rate arising from sources contained within the colloid regions of all follicles surrounding
the reference follicle. The approximation is made that the surrounding follicles are a homogeneous mixture
of colloid, epithelium and stroma in the same proportion as in the thyroid as a whole. As illustrated in Fig. 2,
<peo(E)is calculated for the spherical shell with inner and outer radii given respectively by rc + £ and rc + S -£
within a spherical non-source region of radius rc + 25 surrounded by an unbounded uniform source.
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Figure 3 illustrates <pA(E) and <pw(E) for subjects ranging from the newborn to the adult male. Both
internal and external electron reduction factors are extremely sensitive to colloid radius. As the radius
increases, tpA increases while <pm decreases. The colloid-to-nucleus distance has a significant effect only on
<pA, the reduction factor of course being greater for the nucleus nearer the colloid. Epithelium depth affects
only ip^. The key factor affecting electron dose to the thyroid follicular cell is the colloid radius.

COMPUTATIONAL PROCEDURE FOR INTERNAL RADIONUCLIDES

FOLLICULAR-CELL ABSORBED DOSE CALCULATIONS

Suppose that a radionuclide uniformly distributed within colloid volumes of the thyroid emits beta
particles, gamma rays and x rays, and conversion and Auger electrons. Let Fp(E) represent the beta particle
energy spectrum, in units of number per MeV per nuclear transformation (Bq s). Let Ed represent the energy
of the ith monoenergetic electron (MeV), emitted with probability Fd per transformation. Similarly, let Epj

represent the energy of the jth monoenergetic photon (MeV), emitted with probability Fpj per transformation.
Let there be unit specific activity (1 Bq kg"1) of the radionuclide in the thyroid as a whole. The absorbed
dose rate per unit specific activity, D(Gy s"1 Bq"1 kg), is given by

D - K
w

in which K = 1.6021 xlO~13 J MeV"1 and the sums extend over all radiations emitted. Because the
normalization is to unit specific activity in the thyroid as a whole, the in-follicle reduction factor must be
divided by wcto account for the fact that the radioiodine concentration in the colloid must be greater than the
average concentration in the entire thyroid.

COMPUTATIONAL PROCEDURE FOR EXTERNAL PRIMARY X RAYS

Suppose the thyroid is uniformly irradiated by monoenergetic x rays. The absorbed dose rate in the
follicular cells has the following components: (a) that occurring uniformly throughout the thyroid as a result
of interactions of primary x rays with tissue exclusive of iodine, (b) that arising from secondary x rays,
photoelectrons, and Auger electrons produced in the colloid as a result of photoelectric interactions of
primary x rays with iodine present in the colloid volumes of follicles, and (c) that arising from secondary
photons and electrons produced in the coHoid as a result of incoherent-scattering interactions with iodine in
the colloid. We address the three components individually in terms of the response Junction, here defined as
the average absorbed dose rate in the follicular-cell nuclei per unit flux density of primary x rays.

RESPONSE FUNCTION FOR X-RAYS INTERACTION WITH TISSUE

Suppose (f>xis the flux density (cm"2s"') of monoenergetic x rays of energy EI(MeV). Then, assuming
electronic equilibrium - appropriate for a uniform x-ray flux density, the absorbed dose rate (MeV g"1 s"1) in
tissue is given by <}>J*^\iJp, in which the term \ijp is the mass energy transfer (kerma) coefficbnt (cm2 g"1)
for photons of energy E,. The response function for primary x-ray interactions in tissue, Rpi(EI) (cGy cm2), is
the ratio of the absorbed dose rate to the flux density .namely,

RAEx) - £E 1-1 (E ) ,
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Fig. 3. Electron reduction factors #>d(E) and #>„(£) in the follicular-cell nucleus for central values of rc, 5,
and £ representing thyroid follicles of subjects in the order newborn, age 1, age 5, age 10, adult
female(age 15), and adult male.

in which £ is a conversion factor equal to 1.6021 X 10"8cGy g MeV"1. The response function Rp^E*) is
based on energy transfer coefficients for ICRU tissue (32) as given in the DLC-139 data library SIGMA-A
(33,34,35).

RESPONSE FUNCTIONS FOR X-RAY INTERACTIONS WITH IODINE

Let \LpJp represent the mass interaction coefficient for a photoelectric interaction with iodine of a
primary x ray with energy Ex. Such an interaction leads to a cascade of photoelectrons, Auger electrons, and
secondary fluorescence x rays. Let EOT(E )̂ and F ^ E J respectively represent the energies and frequencies of
the many secondary x rays arising from the interaction. Let E^E,) and FM(E,) represent the corresponding
terms for secondary Auger electrons and photoelectrons. In these calculations, energy spectra of secondary
photons and electrons are computed using the EDISTR computer code (7). Interaction coefficients are based
on the ENDF/B-VI DLC-136 data library PHOTX (36).

Let [ijp represent the mass interaction coefficient for incoherent scattering of a primary x ray of
energy Ex by electrons of the iodine atom. Let Fce(Ex,Ece) and Fcp(EI)Ecp) represent respectively the
(cor.tinuous)euergy spectra of recoil electrons of energy Ex and recoil photons of energy E^.

Let W; represent the mass fraction of iodine in the thyroid and suppose the thyroid is exposed to a
uniform flux density of primary x rays of energy E r The response function can be thought of as having four
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components, R^E,) due to Compton-scattered electrons, R^E^) due to Compton-scattered photons,
due to secondary fluorescence x rays, and R ^ E J due to secondary photoelectrons and Auger electrons. These
are given by

P

RJEx) = twfi* (Ex)
P

and

RJEJ = twi—(£J £ ^«(£J
WY

ENERGY SPECTRA OF SECONDARY ELECTRONS AND PHOTONS

The binding energy for K-shell electrons in iodine is 33.17 keV. The K series of fluorescence photons
range in energy from 28.0 to 32.5 keV. The most frequent is the 28.6-keV K a , x ray. The L series photons
have at most 5 keV of energy. Auger electrons involving the K and L shells have energies ranging from 22.7
to 31.4 keV. The most frequent is the 23.6-keV KI^L, electron. Auger electrons not involving the K shell
have at most 5 keV of energy.

RESULTS AND DISCUSSION

RADIATION DOSES FOR INTERNAL RADIONUCLIDES

Table 2 lists absorbed dose rates for thyroid follicular cells, accounting not only for gamma-ray and
x-ray escape, but also for the unique source-receptor geometry of the thyroid follicle. The absorbed dose rates
are normalized to unit specific activity in the thyroid as a whole and are based on the entire radionuclide
content of thyroid being present within the colloid regions of the follicles. Data in the table are presented in
such a way that the user can make adjustments to accommodate colloid mass fractions other than those in
Table 1 and can even make adjustments to account for the presence of radionuclides in the epithelial and
stroma regions.

Results in Table 2 show that for most radionuclides the beta-particle and electron doses to cells of any
one thyroid follicle are due mainly to sources in surrounding follicles. Exceptions are 1231,12SI, and "'I which
emit only very low-energy electrons and beta particles. For many nuclides, notably the iodine isotopes of even
mass number, which emit largely high-energy beta particles and electrons, the dose rates from beta particles
and electrons approach limiting infinite-medium values. Uncertainties in total dose rates are almost entirely
attributable to uncertainties in the dose rates due to electron and beta-particle internal or in-follicle
contributions. Upper and lower bounds of dose rates were computed by setting rc values to 75% and 150% of
the central values given in Table 1 and 6 values to 7.5 and 20fi m instead of the 15-fj. m central value.
Uncertainties (for the in-follicle contributions) are generally greater for the newborn and upper and lower
bounds extend roughly from about 0.3 to 4.0 times the central vaiues of Table 2. For the adult male,
corresponding bounds extend from about 0.4 to 3.0 times the central values.

Advances in both methodology and supporting data distinguish these results from previously published
thyroid dose rates. The energy spectra of radiations emitted from the radionuclides were taken from the
comprehensive data sets used in preparation of the MIRD compendium (8). Recently published
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age-dependent reduction factors for the thyroid were used in calculation of gamma and x-ray dose rates (6).
Energy dissipation functions accounting for multiple scattering (5) were used in calculations of electron and
beta-particle reduction factors and dose rates which are functions of age-dependont colloid mass fraction and
follicle dimensions. Electron and beta-particle dose rates were calculated separately for sources within any one
thyroid follicle and for sources in surrounding follicles.

S(thyroid «- thyroid) values for the adult male, taken from the central values of Table 2 using a thyroid
mass of 20.7 g, are compared in Tabie 3 with those computed earlier for use in internal dosimetry and
published in MIRD Pamphlet 11 (3) and in NCRP Report 80 (37).In all cases, the new factors are less than
the old because of the application of reduction factors less than unity for electrons and beta particles.

Table 2. Absorbed dose rates in nuclei of thyroid follicular cells per unit specific activity in the thyroid as a
whole. Units are Gy/s x 1013per Bq/kg. To convert io units of mrad/h per/* Ci/g, multiply table entries by
1332

Newborn

Agel

Age 5

Age 10

Adult female

Adult male

Newborn

Age 1

Age 5

Age 10

Adult female

Adult male

Newborn

Agel

Age 5

Age 10

Adult female

Adult male

f
Internal

ml

0.0091

0.0071

0.0141

0.0144

0.0171

0.0208

0.0037

0.0026

0.0050

0.0050

0.0060

0.0072

0.0103

0.0078

0.0140

0.0143

0.0167

0.0199

and e

External

1.673

1.670

1.659

1.657

1.655

1.653

0.301

0.300

0.298

0.297

0.297

0.296

0.217

0.214

0.208

0.206

0.204

0.202

7 and

x ray

0.0201

0.0239

0.0304

0.0391

0.0459

0.0541

0.0234

0.0272

0.0346

0.0445

0.0520

0.0611

0.0104

0.0121

0.0152

0.0196

0.0229

0.0269

Total

1.702

1.701

1.704

1.711

1.718

1.728

0.329

0.330

0.337

0.347

0.355

0.364

0.237

0.234

0.237

0.240

0.244

0.249

f
Internal

123J

0.0052

0.0040

0.0101

0.0105

0.0121

0.0139

125J

0.0066

0.0027

0.0019

0.0016

0.0016

0.0017
ml

0.0471

0.0296

0.0347

0.0311

0.0328

0.0345

and e

External

0.029

0.027

0.021

0.020

0.019

0.018

0.000

0.000

0.000

0.000

0.000

0.000

0.035

0.030

0.022

0.021

0.020

0.019

7 and

x ray

0.0062

0.0067

0.0084

0.0108

0.0124

0.0145

0.0057

0.0060

0.0073

0.0093

0.0103

0.0122

0.0028

0.0029

0.0035

0.0045

0.0049

0.0059

Total

0.0402

0.0380

0.0399

0.0414

0.0437

0.0465

0.0124

0.0087

0.0092

0.0109

0.0120

0.0139

0.0844

0.0621

0.0601

0.0564

0.0578

0.0596
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Table 2 (continued)

Newborn

Age l

Age 5

Age 10

Adult female

Adult male

Newborn

A g e l

Age 5

Age 10

Adult female

Adult male

Newborn

Age l

Age 5

Age 10

Adult female

Adult male

Newborn

Age 1

Age 5

Age 10

Adult female

Adult male

Internal

130i

0.0229

0.0175

0.0328

0.0328

0.0381

0.0451
132mj

0.0427

0.0371

0.0589

0.0538

0.0576

0.0616

l33I

0.0192

0.0148

0.0283

0.0284

0.0329

0.0401

J.33

0.0208

0.0163

0.0299

0.0303

0.0355

0.0421

and e"

External

0.452

0.445

0.430

0.426

0.423

0.418

0.175

0.163

0.145

0.142

0.140

0.138

0.636

0.630

0.617

0.614

0.610

0.605

0.564

0.560

0.544

0.540

0.536

0.532

y and

x ray

0.0445

0.0523

0.0665

0.0854

0.1011

0.1181

0.0083

0.0095

0.0118

0.0150

0.0176

0.0204

0.0125

0.0149

0.0189

0.0244

0.0287

0.0338

0.0303

0.0348

0.0447

0.0574

0.0676

0.0796

Total

0.519

0.515

0.529

0.544

0.562

0.581

0.227

0.210

0.216

0.211

0.215

0.220

0.667

0.660

0.665

0.667

0.672

0.679

0.615

0.611

0.618

0.628

0.639

0.654

r
Internal

13II

0.0308

0.0224

0.0387

0.0380

0.0437

0.0511
132I

0.0184

0.0145

0.0274

0.0278

0.0328

0.0392

134j

0.0162

0.0131

0.0255

0.0259

0.0306

0.0369

" T c

0.0030

0.0027

0.0073

0.0073

0.0083

0.0093

and e~

External

0.272

0.267

0.250

0.246

0.242

0.236

0.772

0.768

0.753

0.750

0.746

0.742

0.977

0.972

0.959

0.955

0.952

0.947

0.018

0.017

0.013

0.012

0.011

0.011

Y and

x ray

0.0080

0.0095

0.0120

0.0156

0.0183

0.0214

0.0469

0.0546

0.0694

0.0891

0.1058

0.1232

0.0535

0.0616

0.0785

0.1007

0.1198

0.1391

0.0028

0.0030

0.0039

0.0050

0.0059

0.0067

Total

0.311

0.299

0.301

0.299

0.303

0.309

0.838

0.837

0.850

0.867

0.885

0.904

1.046

1.047

1.063

1.082

1.103

1.124

0.0237

0.0224

0.0238

0.0242

0.0255

0.0268
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Table 3. Thyroid to thyroid S values for the adult male

S value (mrad per |iCi h)*

Radionuclide Snyder et al. (1975) This work

T c 2.3 1.7
123I 4.0 3.0
124I 27 23
125I 3 0.90
I26I 18 16
12'I 7.1 3.9
!30I 39 37
131I 22 20
I32I 60 58

_ ^ I 46 44_

"To convert units to (Gy per Bq s)multiply by 7.51 x 10~M. To convert
units to (Gy s"1 kg Bq"1) for the 20.7-g thyroid of the adult male,
multiply by 1.55 x 10~13.

DOSES FROM EXTERNAL PRIMARY X RAYS

Results are expressed as the primary-photon response function,defined as the absorbed dose to the
follicular cells of the thyroid per unit photon fluence, but limited to photon interactions with the iodine
present in the colloid volumes of the thyroid follicles.

Detailed results are presented only for the adult male reference <:ase. Figure 4 illustrates the
individual components of the response function. Only those Auger electrons from within the follicle
contribute to the response. They make no contribution for primary photons with energies less than the iodine
K edge (0.0332 MeV) and for no photon energy is their contribution significant. Iodine fluorescence x rays
are the major contributor to the response only for very low energy primary photons or for primary photons
with energies just above the K edge. Photoelectrons make the dominant contribution to the response for a
wide range of primary-photon energies. Over most of the primary-photon energy range, the greater
contribution comes from electrons created from within the colloid of the follicle. The contribution from
electrons created in surrounding follicles is greater only for photons with energies greater than about 0.2
MeV. Compton-recoil electrons make significant contributions to the response only for the higher energy
primary photons. Recoil electrons created within the follicle contribute more significantly at the lower photon
energies. Recoil electrons from surrounding follicles make the dominant contribution to the response for
primary photons with energies in excess of 0.5 MeV. Compton-scattered photons contribute negligibly to the
response.

Total response functions for iodine interactions are illustrated in Fig. 5 along with the response
function for total interactions with tissue (absent iodine). At the very lowest primary-photon energies, the
response is due exclusively to secondary x rays and there is little age dependence because, at those energies,
photon reduction factors are nearly unity. At about 0.015 to 0.025 MeV, photoelectrons begin to dominate
the response and continue to do so until the iodine K edge is reached at 0.033 MeV. For primary-photon
energies just above the K edge, secondary x rays again dominate the response. Their importance diminishes
rapidly with increasing energy, and photoelectrons again dominate the response function. The response
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function for the newborn exceeds that for the adult male at primary-photon energies around 0.075 MeV.
This is due to the very low colloid mass fraction of 0.09 in the newborn which results in an iodine mass
fraction of Wi/wc = 0.007 in the colloid of the newborn, as compared to 0.0009 in the colloid of the adult
male. For primary-photon energies above about 0.1 MeV, photoelectrons and Compton electrons dominate
the response. For these energies, the response functions for the newborn and one-year old are much lower
than those for older subjects because of the greater epithelium thicknesses and colloid-nucleus separation
distances associated with the smaller follicle sizes of the younger subjects.

CONCLUSIONS

The cells considered to be at risk within the thyroid gland are generally taken to be the epithelial
cells of t;js follicles. For some radiations, the dose to those cells is strongly dependent on the microscopic
geometry of the gland. A review of the literature on thyroid dosimetry led to the development of a
computational model to provide age-dependent dosimetric data for the follicular cells at risk.

For internal radionuclides,in comparison with previously accepted S values, new values are very much
lower for I25I and !29I, and significantly lower for 123I, 124I, 126I, 131I.

For thyroid exposure to externally administered x rays a comparison was made between dose due to
interactious of primary photons with tissue.exclusive of iodine, and the dose due to interactions of primary
photons with the iodine present in high concentration hi the colloid volumes of the thyroid follicles. It was
found that the interactions with iodine could increase the dose to the follicular epithelial cells by at most
about 10 percent. Even that small dose enhancement would be experienced only if the primary-photon
energy were just greater than the 33-keV binding energy of the K-shell electron in iodine.
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DISCUSSION OF PAPERS BY T. NYUGEN, M. BARDIES, T.E. HDI, AND R. FAV

HARPER: A remark about the last two papers concerning the thyroid. It should be
pointed out that while these presentations are relevant for normal thyroids they
are not for hyperactive glands which have little or no colloid and for colloidal
goiters which have huge collcid-filled nodules. Ordinarily radioiodine is given
in cases of Grave's disease where the pathologic picture of the thyroid is quite
different. The gland is hyperactive and the colloid is almost nonexistent as is
the case in the fetal thyroid that Dr. Watson talked about a few days ago. In
this situation a few millicuries will suppress the hyperactivity in the gland.
If you have to ablate a normal gland in the presence of thyroid carcinoma, you
need 100 millicuries or more to accomplish this. There is a tremendous
difference in the effectiveness of the radiation depending on the anatomy. I
don't know whether you want to stress this or not.

FAW: These topics have been addressed by others but not using the same models we
have here. You are quite right. At least, from my viewpoint our main concern
was the radiation protection and long-term occupational health rather than the
therapeutic use of radioiodine, so we were concerned with trying to find out data
for the normal thyroid. Sometimes it is easier to find data for the abnormal
thyroid than it is for the normal thyroid.

HUI: I totally agree with the comment. When I was asked to work on this problem
it was really for exposure of normal person. We assumed a normal thyroid. In
many cases the parameters in the model should definitely be changed.

KWOK: Dr. Nyugen, I have two questions.

1) Assuming that we want to activate a 10B atom at the center of a 30-cm diameter
cylinder of soft tissue, what is the approximate skin dose?

2) What is the maximum number of 10B atoms we can incorporate into one monoclonal
antibody without destroying too much of its specificity?

NYUGEN: 1) The skin dose from the neutron beam and the capture reactions in
normal tissue (the skin) depends on the neutron beam used. I don't remember off-
hand the dose; however, if a thermal neutron beam is used. This skin dose is
high enough to cause damage. As a result, during neutron irradiation, the
patient's skin on the affected area will be removed from the irradiation. If an
epithermal beam is used, the cross sections of high energy neutrons in hydrogen,
etc. are small, and the effect of the capture reaction at the skin is not
significant. Just to note, the epithermal neutrons will thermalize in the tissue
and will be captured by 10B at the tumor site.

2) This depends on the structure of the particular antibody of interest.
Currently, there is no boronated antibody that can be used for boron neutron
capture therapy, mainly because it loses its specificity.

VAN DIEREN: In one of your drawings you suggested that tumor cells are densely
packed, and therefore I would expect that localization in the cell membrane would
increase crossfire from neighboring cells and that would cancel out the effects
for the higher radiobiological effectiveness when it is located in the nucleus.
Did you consider crossfire?

NYUGEN: This study is done on isolated cells, so I didn't really take that into
account. A disintegration in the middle of two cells would give an effect on
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both cells. However, with the range of the two particles, the probability of a
hit in the nucleus is low and therefore it is still reduced a little bit.
However, in this particular study, I have not done that.

PRESTON: A couple of comments. Many organs including the thyroid have regional
sequential variations in blood flow. This may in part account for the difficulty
in eliminating thyroid function with a single dose of 1-131. Another comment is
that we are all talking about the nucleus. Perhaps a more vulnerable target
would be the mitochondria or energy-producing mechanisms of the cancer cell.

FAW: We considered that and a number of the papers that we reviewed did consider
that. There were those that were concerned with the therapeutic use of
radiation, and I believe in most cases the target region was taken as the portion
of the follicular cell adjacent to the colloid, a region where the hormonal
activity was taking place. With our methods it would be very easy, for example,
to take that portion of the cell or the cell as a whole - the average dose to the
cell as a whole. Again, we've felt that carcinoma of the follicular cell was the
main concern and that the nucleus would be the appropriate target, but we may
well be mistaken in that.

BRILL: One of the things that has intrigued me is the possibility that the
differential carcinogenicity of 1-131 versus X-ray may have been related to the
differential distribution of dose from 1-131 as opposed to the uniform organ
distribution from X-rays. That factor does not seem to be very great even when
you look at long term studies and yet I wonder if these models could be extended
to distribution of radiosensitivity based upon either the data or the hypothesis.
If you coupled some hypothesis, perhaps assuming a dose radiosensitivity
coupling, could you include some radiobiological hypothesis into the dosimetry of
studies to account for the nonuniform radiobiological effectiveness of the
radiation?

HUI: I think the model is as good as the amount of data the biologist can give
us. Of course, once you set up a model, a toy model, that you can play with you
can always add factors that you want to test. You can selectively pick target
points of interest or you can just pick the follicular cells of interest or you
can distribute the activity wherever you want it to be, once you have a model.
The model is limited by our knowledge. For example, can anyone tell me how you
can measure the fraction of follicles that are active? These are some factors
that we want to identify, but the model is really as good as the knowledge of
biology.

ATCHER: I have a comment and a couple of questions for Dr. Bardies. It is
difficult to claim that alpha particles have limited utility because of their
short range and then to claim that radiation protection is a problem. I would
suggest based on the data from Sutherland and that from Langmuir in our group
that the penetration of the nonspecific IgG should be higher. Finally, did you
include the dose from the f}~ decay from 212Bi and its daughters in your dosimetry
calculations?

BARDIES: I don't mean that alpha particles are useless or dangerous for
radioimmunotherapy. I just mean that for radioimmunotherapy for large volume
carcinomas, we will choose beta emitters because of the high uptake. Would you
please repeat the other question?

ATCHER: The second one had to do with your spheroid data, data that Sutherland
published and that we published indicated that there was a more nonspecific
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penetration than you showed.

BARDIES: There have been several papers. Some of them report a penetration of
the antibody inside the spheroid; some of them say that it is a stage or just a
phase. It seems that if you have fragments you will probably have penetration,
but as we do not know, we assume it is mainly on the surface with little
penetration. We considered two hypotheses: one with only distribution on the
surface and one with volume distribution.

ATCHER: Did you include the contribution from the beta particles in your
dosimetry calculations for the alpha emitters?

BABBIES: For the alpha? No, we neglected to do that.

STUBBS: Dr. Nyugen, as you calculated absorbed doses for the cell nucleus
assuming localization of 10B in the nucleus, have you found an immunoconjugate
that localizes in the nucleus? Or does the antibody release the bound 10B with
subsequent cellular uptake at the time of antibody-antigen binding?

NYUGEN: The distribution very much depends on the chemical structure and on the
physiological condition. One compound may localize in one region more than
other, but certainly the distribution is never excluded in one region. For the
simulation I just tried to go to the extreme so that we could compare the
disintegrations in one region to another. In the real case, certainly there is a
factor in terms of how much localized in the nucleus and how much localized
outside. With that particular compound we will use a weighting factor
incorporated into the result to find the comprehensive effectiveness. In the
case of the antibody, there has been a report that after material attaches to a
cell membrane the whole antibody or just the boron compound has been transferred
into the nucleus or inside the cell intracellularly. So I guess my conclusion,
that antibodies may not be useful for boron neutron capture therapy after
boronation may be too strong. What I meant was if the compound could directly be
incorporated into the DNA the result could be much more favorable, whereas in
terms of the antibody the probability may be lower. However, with the number of
borons that can attach to an antibody the case may be reversed so it depends on
the individual structures of the compound.
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THE APPLICATION OF THE DISTANCE HISTOGRAM IN MICRODOSIMETRY
FOR EVALUATING HETEROGENEITY

van Dleren EB, van Lingen A, Roos JC, Teule GJJ
Department of Nuclear Medicine

Free University Hospital
De Boelelaan 1117

1081 HV Amsterdam, The Netherlands.

ABSTRACT

Heterogeneity of radionuclide distributions at a microscopic level is
relevant for the dosimetry of short path-length emissions. The present study
explores the methodological aspects and the limitations of source target
histograms by using computer simulations of radionuclide distributions. Sources
were formed by labeled cells, containing 50 decay sites each. Cell nuclei were
considered as targets.

Within a matrix of 2500 cells, we investigated uniform distributions (MIRD
assumption), various cluster sizes, the single labeled cell, and a random
distribution. Furthermore, four different intracellular source localizations
were studied in a iratrix of one cell. The distance histograms for both matrices
were combined.

For both 125I and 131I, absorbed doses in the targets were calculated from
multiplication of the distance histograms by the point source absorbed radiation
dose distribution. The presented results indicate that the use of distance
histograms might be a mathematically convenient approach to microdosimetrical
studies. They provide a means to study combinations of source distributions at
various levels of magnification for several radionuclides within a reasonable
calculation time.

INTRODUCTION

The concept of mean absorbed dose using the MIRD technique provides a
comprehensive approach for estimating radiation doses. The model assumes uniform
distributions of radiopharmaceuticals in tissue and cells and a homogeneous
deposition of energy. However, it becomes increasingly clear that heterogeneity
might be an important factor in both radiation protection dosimetry and
therapeutic applications, especially with respect to short path length emissions
d-10).

The dosimetrical implications of heterogeneity at multicellular levels have-
been studied by several theoretical models (11-14). For example, these models
describe radionuclide distributions by cubic or hexagonal cell arrangements, or
by distributions where the radionuclides are localized at the outer side of
tubules. These geometric descriptions do not apply to studies on heterogeneity.
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For such random distributions, a source .target distance histogram might be more
appropriate. It converts a three-dimensional distribution into one-dimensional
functions. In addition, distance histograms can be combined with the point
source absorbed radiation dose distribution, which was introduced by Jungermann
et al. (15), to obtain dose histograms. The latter show the absorbed dose
distribution for labeled and unlabeled cells.

The present study explores the methodological aspects and applications of
source-target distance histograms by using simulated distributions of radionucli-
des. For purposes of convenience, we used two-dimensional radionuclide distribu-
tions .

METHODS

Radionuclide distributions in tissue samples are usually determined by
autoradiography. We simulated such a distribution on a Sun 3/160 computer by a
square matrix of cells. Every cell lies in close contact with four neighbors.
The matrix has a size of 500 fim and every cell is 10 pm in diameter, so the
matrix contains 2500 cells. The cell nuclei are 6 nm in diameter.

b..

Figure 1: Source distributions in 50*50 cells. The considered distributions are (a) all activity in one
cell, (b-e) Activity in 16, 625, 1296 and 2500 cells, respectively, (f) A heterogeneous distribution of
250 labelled cells an additionally a cluster of 20 cells at a randomly chosen point.

In order to evaluate the relation between radionuclide localizations and
energy distribution, we examined the following situations.

a) The single cell (Figure la): one labeled cell in the center of the
matrix and 2499 unlabeled cells. In this and other multicellular arrangements (b
and c), a labeled cell contains 50 decay sites. Figures 2a-d show which
intracellular distributions could be selected.
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b) Cell clusters (Figure lb-e): square clusters of 16, 625, 1296, and 2500
labeled cells. The latter cluster represents the MIRD assumption of uniform
distribution.

c) Random distributions (Figure If): 250 labeled cells are randomly
distributed throughout the matrix, and an additional 20 cells are clustered at an
arbitrary location. This situation reflects a heterogeneous distribution of
labeled cells.

Distance histograms were calculated by counting the number of decay sites
at any distance from each cell nucleus defined as a target (Appendix A). Thus,
each of the multicellular matrices (Figure 1) was converted into 2500 distance
histograms, and each of the one cell matrices (Figure 2) resulted in one distance
histogram. The latter was incorporated in the multicellular distance histogram
to introduce the intracellular decay site distributions in the multicellular
matrix (Figure 5).

For each multicellular matrix, an average distance histogram was calculated
from all 2500 individual distance histograms. This expresses the average number
of sources at a certain distance from a target.

Figure 2: Source distributions in each cell: (a) localized at the
cell membrane, (b) in the cytoplasm, (c) in the cell nucleus, (d)
at random points throughout the entire cell.

The multiplication of each individual distance histogram by the point
source absorbed radiation dose distribution (Appendix B) yields the absorbed dose
in that target, the cell nucleus. We considered the Auger emitter 125I and the
^-emitter 1 3 1I, which have been the subject of many radiobiological studies
(1,2).
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Dose histograms were constructed by dividing the dose range in 20 intervals
and registering the number of labeled cells as well as unlabeled cells that
absorb a dose within a certain interval. Furthermore, for each cluster, the
average, maximum, and minimum absorbed doses were calculated, normalised to
125000 (~ 2500 * 50) nuclear transitions per multicellular matrix and plotted
against the labeled cluster size.

RESULTS

Figure 3a shows three distance histograms for the single labeled cell in
the 2500 cell matrix (Figure la). The individual distance histograms for a
central target (1) and for a target in the upper left corner (2) are sharp peaks,
because all sources are located in one cell. Also shown is the average distance
histogram (av) for this decay site distribution.

dlftinca ( Micron) ->
^00.0 "loo o

^00.0

Figure 3: Distance histograms, indicating the number of sources at a certain distance from a target,
calculated for the distributions of figure 1. The targets are a cell nucleus in the center (1), or in the top
left corner (2). Also shown is the average (av) of all 2500 distance histograms.

For the 4*4 cell cluster (Figure lb) distance histograms are displayed in
Figure 3b. The peaks in the distance histograms become wider, because the decay
sites are more diffuse. Furthermore, the average histogram area increases,
because more cells are labeled. For increasing cluster size (Figure lc-le), the
individual histograms show an increasing width (Figure 3c-e), and the average
histogram area increases.

Figure 3f shows the distance histograms for the heterogeneous distribution
of labeled cells (Figure If). The amplitude of the sawtooth of the average
distance histogram is comparable to that of the average histogram of the uniform
distribution in Figure 3e, whereas for the individual histograms this sawtooth is
more pronounced than that for the uniform distribution.
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Figure 4 shows distance histograms for all considered intracellular
distributions of Figure 2. These histograms are combined with the multicellular
histograms of Figure 3 to introduce the intracellular distribution (Figure 5).
The resulting distance histogram combines information on the decay site distribu-
tions at different levels of magnification.

cftoplaa •

~~5o o

C o^llnod aai

~Jo o

Figure 4: Distance histograms, indicating the number of sources at
a certain distance from a target, calculated from the
distributions of figure 2. The target is here the entire cell
nucleus.

Dose histograms have been calculated with 125I and 131I for the heteroge-
neous multicellular distribution (Figure If) and several intracellular distribu-
tions (Figure 2). The results are shown in Figure 6 and 7, respectively, for the
same number of nuclear transitions.
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Figure 5: An example of the possibility to combine distance
histograms at various levels of magnification. In this case for a
randomly selected cell nucleus from figure If and an intracellular
localization in the cytoplasm.

125)

3 . 00«-11 3 OO*-ll

doit (J/c»2) -> doit (j/c»a)

Figure 6: Dose histograms for '"I for the distribution of figure If
and various intracellular localizations. The closed bars indicate
the number of labelled cells, and the open bars the number of
unlabelled cells.
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figure 7: Dose histograas for '"I for the distribution of figure If
and various intracellular localizations. The closed bars indicate
the nunber of labelled cells, and the open bars the nuaber of
unlabelled cells.

Figures 8a, 8b, and 9 show the maximum, minimum, and mean absorbed dose for
labeled and unlabeled cells against the cluster size. The 50*50 cluster
obviously does not contain unlabeled cells. Results are shown for a homogeneous
intracellular distribution of 125I (Figure 8a) and for a distribution at the cell
membrane (Figure 8b), and for a homogeneous intracellular distribution of I
(Figure 9).

DISCUSSION

The present study indicates that the use of distance histograms is a
mathematically convenient approach to microdosimetrical studies. The method
is applicable to any source target configuration, including heterogeneous
distributions. The representation of a source target distribution by distance
histograms is time consuming (1-4 days on a Sun 3/160). However, once the
calculation of the distance histogram has been completed, the calculation of dose
histograms for any radionuclide is a procedure which requires only two hours.
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In the present investigation, distributions at cellular and multicellular
scales were studied. These distributions pertain to a range from 40 nm to 0.5
mm, but extensions beyond that range are feasible. For example, distance
histograms for the range from 0.5 mm up to 2.5 cm might provide the link to the
macrodosimetry based on scintigraphy. Extension to the nanometer level is more
complex, because multiple ionized daughter atoms in the condensed phase cause an
inflow of electrons from the surrounding medium (16). Furthermore, radicals
which are a result of irradiation of a medium, diffuse from where they originated
(17). Therefore, we assumed a cut-off distance for the point source radiation
dose distribution at 10 nra (16).

The results of the microdosimetrical studies for 131I and 1251 are in
agreement with findings in literature (1,2) on the relation between microscopic
source distribution and absorbed dose distribution. Because of the range of the
,5-particles, the absorbed dose in a labeled cell does not depend on the intracel-
lular source distribution. On the contrary, the absorbed dose for cells labeled
with 125I highly depends on the intracellular source distribution. For a
homogeneous intracellular distribution of 125I, there is little variation of
absorbed doses in labeled cells. The multitude of short range (high LET)
emissions from 125I (16) in the cell contributes most to the absorbed dose in
cell nuclei. When the cells are labeled at the membrane, these short range
emissions cannot reach the nucleus anymore (18). In this situation, the absorbed
dose in cells is lower than for a homogeneous distribution in the cell, and the
range in absorbed dose is higher.
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The application of source-target histograms and dose histograms might prove
to be useful for comparative dosimetry. The implications of a given distribution
for a large number of radionuclides can be surveyed within reasonable calculation
time. Other applications might include theoretical studies on issues like
heterogeneity, penetration and limited access, and target definition.

APPENDIX A: GENERAL APPEARANCE OF A DISTANCE HISTOGRAM

Consider a continuous distribution in a square matrix of size D with a
surface concentration of C (sources/area). For a target located at the center of
this distribution, the number of sources N(R) at a distance (R) in the interval
[R,R+*R> will be:

N(R) - w*C*(R+SR)2 - w*C*R2 - 2x*C*(R*SR + h*SR2) R < hD-SR

Wher the distance R exceeds 4D, four sectors with angle 2**, where (cos($) -
*4D/R), do not contain radionuclides. Hence,

N(R) - C*(2JT - 8*arccos(kD/R)) * (R*SR + h*SR2) R > hD

When the distance histogram is calculated for a discrete distribution (e.g.
figure le), a sawtooth is observed (curve 2 in figure 3e). This can be explained
by considering a pixel which lies partly in one interval, say [a-5R,a> and partly
in [a,a+SR>, but the center of this pixel lies at distance a. The sources in
this pixel do not contribute to both N(a-SR) and N(a) (as in a continuous
distribution), but to N(a) only. This increases N(a) but decreases N(a-6R),
giving the observed sawtooth of Figure 3e. The magnitude of this sawtooth
depends on the number of pixels at the edge, so the amplitude of the sawtooth
will increase linearly with distance. The heterogeneous distribution (figure If)
shows an enhanced sawtooth (curve 2 in Figure 3f), and, barely visible, a peak
representing the local cluster of cells.

When the target is not located centrally, the edge of the matrix will
complicate the shape of this histogram: the distance histogram contains extra
peaks, masking the peaks due to heterogeneity.

APPENDIX B: DOSIMETRY USING TWO-DIMENSIONAL DISTANCE HISTOGRAMS

The absorbed dose is calculated by multiplication of the distance histo-
grams N(R) by the point source absorbed radiation dose distribution, as intro-
duced by Jungermann et al. (15). These point source absorbed radiation dose
distributions were calculated using the tables of Berger (19) and Hubbell (20)
for ptioton dosimetry and the experimental formulae of Cole (18) for electron
dosimetry.

In two-dimensional slices, no account is made for the contribution of
adjacent slices. The consequence is that every emitted particle must remain in
the slice from which it emanates. This means that the energy from a point source
is not deposited in a spherical shell, but only in a circular shell, so the
radiation dose does not decrease with 1/RZ but only with 1/R, where R represents
the distance from the point source. This affects the point source absorbed
radiation dose distribution.
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Finally, for a two-dimensional distribution, the definition of radiation
dose as absorbed energy per unit mass can no longer be used. A possible defini-
tion of a two-dimensional absorbed dose is the absorbed energy per unit surface
(J/cm2).
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THE USE OF AUTORADIOGRAPHIC DATA FOR ESTIMATING
TUMOR CELL DOSE IN ALPHA IMMUNOTHERAPY

Shyr LJ, Diel JH, Chang IY and Guilmette RA
Inhalation Toxicology Research Institute,

Albuquerque, NM

ABSTRACT

Interest is growing in the use of radiolabeled immunoconjugates for tumor
treatment, and alpha-emitting nuclides have been proposed as potential labels.
Information on the dose to neoplastic and normal cells delivered by radiolabeled
antibodies is particularly needed for designing an effective treatment scheme.
Observations from autbradiography suggest that the radioactivity in tumors may be
distributed inhomogeneously. Thus, it is highly desirable to develop methods for
estimating local doses from nonuniformly distributed alpha sources. We developed
a technique for estimating local dose rates from nonrandomly distributed alpha
sources as observed on autoradiographs of histological lung sections taken from
dogs exposed to 239PuO2 aerosols. In this paper, we modified our theoretical
approach for use with tissues from alpha immunotherapy. The modified technique
used the concentrations of alpha sources and cells as well as the spatial
relationship between sources and cells as observed on autoradiographs to
construct a three-dimensional spatial relationship between cells and alpha
sources for dose calculation. Sample calculations were performed for both
randomly and nonrandomly distributed alpha sources of 21zBi. The results
suggested that for a dose range of 1 - 2 Gy used in alpha immunotherapy, tumor
cell dose in some cases could be reasonably estimated by using a limited number
of random sections. The uncertainty associated with an estimated cell dose
distribution was also analyzed.

INTRODUCTION

The potential of using alpha-emitting radioimmunoconjugates for tumor
treatment has been studied both in vitro and in vivo (1-5). There are several
advantages of using alpha-emitting radionuclides, as opposed to gamma- or beta-
emitting radionuclides, for immunotherapy. For example, due to the relatively
short penetration distance of alpha particles, the effective treatment radius is
limited to a diameter of several cells and nonspecific irradiation of distant
cells is avoided. Also, the cytotoxicity of an alpha dose is higher than that of
a gamma or beta dose because of the higher linear energy transfer and the limited
ability of cells to repair damage resulting from alpha irradiation. However, a
disadvantage of using an alpha-labeled antibody for tumor treatment is the
difficulty of estimating cell-specific dose as a result of a nonuniform
distribution of alpha sources in a tumor mass (6-12). The distribution of alpha-
emitting radionuclides is mainly determined by the distribution of their
carriers, tumor-specific antibodies. The distribution of labeled antibodies
should, in theory, follow the distribution of the targeted antigen, which is

589



The conventional approach used to.estimate tumor radiation dose is based on
the assumption of a uniform distribution of radiation sources, and therefore only
an average tumor dose can be estimated. Theoretical studies have shown that the
greatest dose enhancements of nonuniform irradiation occur for short-range
emitting radionuclides, especially alpha sources (6). The model calculation of
Humm and Cobb (6) showed that the MIRD method underestimates the dose by an order
of magnitude if alpha-labeled antibodies are distributed in tumor regions of low
cellular density, for example, in myxoid sarcomas and scirrhous carcinomas.
Because the goal of radioimmunotherapy is to kill all tumor cells, variation of
individual cell dose is needed to determine the amount of labeled antibodies
required to achieve the optimal therapeutic effect.

Autoradiographic images of radionuclide distributions in relation to tumor
cells can be used to obtain needed information to study the dose distribution at
the cellular level for radioimmunotherapy (6,9,14). We developed methodologies
to calculate local dose rate based on observations of lung sections from Pu-
exposed hamsters and dogs (15,16). In our previous methods, nonrandomly
distributed Pu aerosol particles as observed on autoradiographs were dealt with
in dose calculations by decomposing the nonrandom distribution of particles in
lung sections into subregions in which particles were randomly distributed.
However, the same process cannot be applied to calculate cell doses for
radioimmunotherapy because antibodies that target tumor-surface antigen, in
theory, may not be randomly distributed in a 200-fim cube for cell dose
calculation. The lineal dimension of the cube volume had to be larger than two
times the maximum alpha range in tissue (-90 /im) to avoid the edge effect in dose
calculation; a dimension of 200 («m was chosen in our calculation.

To deal with a nonrandom alpha-source distribution in a 200-^m cube volume,
we must use cells in the volume as reference points to define the locations of
individual alpha sources. Because cell locations are needed to simulate alpha-
source distribution, the distribution of tumor cells should also be considered in
dose calculation. Inspection of histological tissue sections of malignant
tissues suggests that the distribution of tumor cells within a tumor mass may not
be homogeneous (5,6). If cells are distributed inhomogeneously in 200-^m cubes,
we must consider that distribution in calculating cell doses. Further,
variations of the shape and the size of tumor cells are also factors that
influence results of the dose calculation.

As discussed above, four major factors affect cell dose calculation in
radioimmunotherapy: cell distribution, cell shape, cell size, and alpha-source
distribution. Table 1 lists these factors aud their possible conditions as
classified for dose calculation. There are 16 possible combinations of
conditions for the cell-dose modifying factors. If the cell nucleus, instead of
the cell, is the volume of interest for dose calculation, the term "cell" in
Table 1 should be replaced by "cell nucleus"; the process for dose calculation is
the same. The condition of the dose-modifying factors (e.g., source
distribution) should be tested for the simulated volume for dose calculation, a
200-^m cube. In reality, autoradiographic data may show one or more of the 16
combinations, depending on what antibodies are used and what tumors are treated.
Therefore, in this paper, we will (1) discuss vhat autoradiographic data should
be collected for each irradiation condition, and (2) describe a theoretical
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approach for extrapolating two-dimensional data as measured on autoradiographs to
three-dimensional space for cell dose calculation.

Table 1

Cell Dose Modifying Factors and Their Possible Conditions

Cell Dose Modifying Factors Possible Conditions

Cell Distribution Random or Nonrandom

Cell Shape Sphere or Nonsphere

Cell Size Same or Different

Source Distribution Random or Nonrandom

METHOD

Figure 1 shows a hypothetical 200x200xl-/im tissue autoradiograph with the
locations of alpha sources and cell cross sections. The distribution of sources
on the section was first tested for randomness using a method developed by
Hopkins and Skellam (17) and modified by Diel and Mewhinney (15). This test is
based on the assumption that, for randomly scattered points on a plane, the
distance from a randomly chosen point to the nearest point should have the same
distribution as the distance between a random source on a plane and the nearest
point. The distribution in a region is considered nonrandom if its probability
of randomness is less than 10%. Source distributions on the section shown in
Figure 1 were tested to be random. For the random case, sources were randomly
simulated in a three-dimensional space, and local doses were estimated by
integrating the dose contribution from individual sources. The same approach was
used previously to evaluate lung local dose rates for hamsters and dogs exposed
to Pu aerosols (15,16). However, in this study, in order to calculate doses for
tissues without air spaces, we used the radial dose distribution calculated by
Crawford-Brown and Shyr (18), in which the relationship between stopping power
and the range of alpha particles in tissue as reported by Walsh (19) was used.

Figure 2 shows a computei-generated autoradiograph with random cells but
nonrandom alpha sources. In the case of nonrandomly distributed alpha sources,
we used the locations of cells (or cell nuclei) to define the distribution of
alpha sources. As shown in Figure 2, the x and y coordinates of the alpha
sources and the centers of circular cell cross sections were recorded. By
assuming that all spherical cells had the same radius, the location of the origin
of a cell was determined by the radius of its cross section on the slide and the
location of the center of the cross section. (The x and y coordinates of an
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Figure 1. A hypothetical 200x200x1-/im autoradiograph generated by computer
simulation. This slide shows randomly distributed sources (dots)
and cells (circular cross sections).
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Figure 2. A computer-generated 200x200xl-/im autoradiograph. Cells (circles)
are randomly distributed, but alpha sources (dots) are not.
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origin were the same as those for the center of its cross section, and the z
coordinate of the origin was estimated by the radii of the cell and its cross
section).

Given the locations of sources and cell origins, the distance between an
alpha source and the closest cell origin was determined. The probability
distribution of these distances as derived from Figure 2 is shown in Figure 3.
The derived probability distribution represented the spatial relationship between
sources and cells in a three-dimensional space, and was used with a Monte Carlo
scheme to simulate sources in a three-dimensional space for dose calculation.
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Figure 3. Probability distribution, P(d), for distance between
alpha sources and the origins of the nearest cells, d.

The computer simulation process is described briefly as follows. For a
200-/im cube used for dose calculation, we first simulated random cells in the
cube at a cell concentration that was estimated from the cell concentration
observed on the slide. Then, for each randomly selected cell origin, a random
direction was chosen along with a distance from the derived probability
distribution to specify the location of an alpha source. If the cell was tested
not to be the closest cell to this simulated source, the source was deleted, and
the same process was repeated. The simulation was stopped when the source
concentration equaled the estimated value from the slide. In this simulation,
the inverse technique (20) was used in the Monte Carlo scheme to simulate source
locations in a three-dimensional space such that the distance between a source
and its closest cell in the three-dimensional space had the same distribution as
that estimated from autoradiographs. Once the locations of sources and cells
were simulated in a volume local doses were calculated at the centers of
simulated cells (or cell nuclei) by integrating the dose contribution from each
source. To avoid the edge effect, doses were not calculated for cells that were
located near the edge of the simulated cube at a distance less than the range of
alpha radiation. The stability of the calculated results was achieved by
increasing the size of the simulated cube volume and the number of simulations.
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In the nonrandom case discussed above, three assumptions were made in the
analysis: (1) random cell distribution, (2) spherical cells, and (3) all cells
the same size. To estimate the uncertainty of the calculated cell doses
resulting from the u&.e of these assumptions, the calculated doses must be
compared to those obtained for a three-dimensional reconstruction based on serial
sections.

RESULTS AND ANALYSES

The typical doses used in alpha immunotherapy range from 1 to 2 Gy. If
bismuth-212 (212Bi) was used as the radioisotope, the alpha source tissue
concentration for a dose of 1 or 2 Gy was about 0.8-1.6 x 106 212Bi atoms/mm3,
respectively. This estimation was made by using a weighted average alpha
energy, 7.83 MeV, for the two alphas, 6.07 Mev (35%) and 8.78 MeV (65%), involved
in the 212Bi decay chain. For the case of randomly distributed sources as shown
in Figure 1, the source concentration was estimated to be SxlO*/1111113 by dividing
the total number of sources, 32, by the volume of the slide, 200x200xl-pm.
Random alpha sources were simulated in a 200-ftm cube to achieve this source
concentration, and the calculated cell dose distribution is shown in Figure 4
(a). The cell dose was calculated for the averaged alpha energy, 7.83 Mev, for
212Bi. The same process could be used to calculate the energy deposition by the
recoil nuclei. However, if cells were not randomly distributed, a three-
dimensional reconstruction based on serial sections would be necessary.

For the case of nonrandomly distributed alpha sources as shown in Figure 2,
the source concentration was estimated to be 8xlO5/nim3. Because the locations of
alpha sources were related to cell locations for the nonrandom case, both cells
and alpha sources must be simulated for dose calculation. To determine the
number of simulated cells in a 200-/im cube, we estimated the cell concentration
from the tissue section as shown in Figure 2; there were 17 cell cross sections
on the slide. If we assumed that the radii of these spherical cells were 5 ̂ m,
17 cross sections on the 200x200xl-/im section (Figure 2) represented
approximately 17 cells in a volume of 200x200x10 fim. This gave a cell
concentration of 4.25x10* cells/mm3. The probability distribution shown in
Figure 3 was used with the Monte Carlo scheme described earlier to calculate cell
dose (Figure 4 (b)). The cell doses resulting from the nonrandom irradiation
(Figure 4 (b)) were less peaked compared to those from a random irradiation of
the same total activity (Figure 4 (a)). Further, the cell dose for the nonrandom
case depended on the specific source pattern and the cell concentration.

One component of the uncertainty associated with the estimated cell dose
distribution resulted from the estimated source concentration for the cube volume
used in dose calculations. Recall that the source concentration for a 200x200x1-
nm section was used as an estimate for a 200-jun cube in dose calculation. To
estimate the uncertainty associated with an estimated cube source concentration,
we simulated a 200-/im cube with randomly distributed sources at a given
concentration, then selected l-/*m-thick sections from the cube, each of which was
in a plane perpendicular to one axis and occupied with random positions on that
axis. For each source concentration, we generated large samples of cube source
concentrations that were estimated from the source concentration in a randomly
selected section. The source concentration selected for evaluating the
uncertainty covered a range from 0.75 to 1.5xlO6 atoms/mm3, which corresponded to
a tissue dose range from 1 to 2 Gy.
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Figure 4. Cell dose distributions derived from autoradiographic data:
(a) a random source distribution as observed on Figure 1; and
(b) a nonrandom source distribution as observed on Figure 2.

The coefficients of variation (CV) of the estimated cube source concentrations
are listed in Table 2. The results showed that the errors (CV) associated with
an estimated cube source concentration would not be higher than 20% for a typical
dose range used in alpha immunotherapy. The results of our previous study (16)
showed that a 20% error in an estimated source concentration may only result in a
very small change in the calculated cell dose distribution for the total mass of
a tumor, considering the variation of source concentration in different parts of
a tumor. This work also suggested that for subregions of a tumor with randomly
distributed sources, one or only a few 200x200x1-/im sections could provide a
reasonable estimate of the cell dose distribution in alpha immunotherapy.

The other component of the uncertainty associated with the estimated cell
dose distribution resulted from the estimated cell concentration for the cube
volume used in dose calculation. As described earlier, the cell concentration
for a 200-/im cube was estimated from the numbers of cell cross sections shown on
a 1-fim-thick section. The uncertainty of an estimated cube cell concentration
was analyzed by using the same process described above for cube source
concentrations. Table 3 shows the CV for a range of estimated cube cell
concentrations. The results were also encouraging, because if tumor cells
constituted more than 10% of a tumor mass, the error associated with an estimated
cube cell concentration would be lower than 10%. Although cell concentration may
vary inside a tumor mass and among tumor types, the results suggested that for
subregions of a tumor with non-random sources, one or a few 2OOx2OOxl-/«n sections
might allow a reasonable estimate of the cell dose distribution.
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Table 2

Uncertainty (Expressed as Coefficient of Variation)
of Estimated Particle Concentrations for a 200-/im Cube

Used in Cell Dose Calculation

Concentration in
Cube

(particles/mm3)

750000

1000000

1250000

1500000

Coefficient of Variation

( standard deviation lf)nav.

mean

18%

16%

14%

12%

Table 3

Uncertainty (Expressed as Coeffsclent of Variation)
of Estimated Cell Concentrations for a 200-/jm Cube

Used in Cell Dose Calculation

Concentration in

Cube Coefficient of Variation

. cell volume ... . , standard deviation

cube volume mean
1% 33%

5% 14%

10% 11%

15% 8%

CONCLUSION

We have presented a theoretical approach for estimating tumor cell dose
distribution in alpha immunotherapy. In our approach, the concentrations of
sources and cells as well as the spatial relationship between sources and cells
as might be observed on autoradiographs were used to reconstruct a three-
dimensional image for cell dose calculation. This technique allowed us to
quantify the effect of the distribution of alpha sources in immunotherapy on
local tissue dosimetry. As we demonstrated, there were cases in which only
random sections (not serial sections) were needed for a three-dimensional
reconstruction. This will greatly reduce the work involved in cell dose
estimation. However, for cases in which nonrandom cell distribution and
irregular cell shape will be considered in dose calculation, a three-dimensional
reconstruction based on serial sections will be necessary.

596



ACKNOWLEDGEMENT

This research was sponsored by the Office of Health and Environmental
Research, U. S. Department of Energy under Contract No. DE-AC04-76EV01013.

REFERENCES

1. Kozak RW, Atcher RW, Gansow 0. Bismuth-212-labeled anti-tac monoclonal
antibody: Alpha-particle-emitting radionuclides as modalities for
radioimmunotherapy in renal cell carcinoma xenografts. Proc Natl Acad Sci
83:474-478, 1986.

2. Esteban JM, Schlom J, Mornex F. Radioimmunotheraphy of athymic mice
bearing human colon carcinomas with monoclonal antibody B72.3:
histological and autoradiographic study of effects on tumors and normal
organs.
Eur J Cancer and Clin Oncol 23:643-655, 1987.

3. Macklis RM, Kinsey BM, Kassis AI, Ferrara JLM, Atcher RW, Hines JJ, Coleman
CN, Adelstein SJ, Burakoff SJ. Radioimmunotherapy with alpha-particle-
emitting immunoconjugates. Science 240:1024-1026, 1988.

4. Goldenberg DM. Targeting of cancer with radiolabeled antibodies. Arch
Pathol Lab Med 112:580-587 1988.

5. Jones PL, Gallagher BM, Sands H. Autoradiographic analysis of monoclonal
antibody distribution in human colon and breast tumor xenographs. Cancer
Immunol Immunother 22:139-143, 1986.

6. Humm JL, Cobb LM. Nonuniformity of tumor dose in radioimmunotherapy.
J Nucl Med 31(l):75-83, 1989.

7. Griffith MH, Yorke ED, Wessels BW, DeNardo GL, Neacy WP, Direct dose
confirmation of quantitative autoradiography with micro-tld measurements
for radioimmunotherapy. J Nucl Med 29:1795-1809, 1988.

8. Myers MJ, Epenetos AA, Hooker G. Practical assessment of radiation doses
using labelled antibodies for therapy Nucl Med Biol 13(4):437-446, 1986.

9. Sgouros G, Barest G, Thekkumthala J, Chui C, Mohan R, Bigler RE, Zanzonico
PB. Treatment planning for internal radionuclide therapy: Three-
dimensional dosimetry for nonuniformly distributed radionuclides. J Nucl
Med (11):1884-1891, 1990.

10. Howell RW, Rao DV, Sastry KSR. Macroscopic dosimetry for
radioimmunotherapy: Nonuniform activity distributions in solid tumors.
Med Phvs 16 (1): 66-74, 1989.

11. Fisher DR. The microdosimetry of monoclonal antibodies labeled with alpha
particles. Fourth International Radiopharmaceutical Dosimetry Symposium.
Conf-851113:446-457, 1985.

12. Humm JL. A microdosimetric model of astatine-211 labeled antibodies for
radioimmunotherapy. Int J Radiat Oncol Biol Phvs 13:1767-1773, 1987.

597



13. Snyder WS, Ford MR, Warner GG, Watson SB. "S," Absorbed dose per unit
cumulated activity for selected radionuclides and organs. MIRD Pamphlet
No. 11. New York: Society of Nuclear Medicine, 1975.

14. Zidenberg-Cheer S, Parks NJ, Keen CL. Tissue and subcellular distribution
of bismuth radiotracer in the rat: Considerations of cytotoxicity and
microdoslmetry for bismuth radiopharmaceuticals. Radiat Res 111:119-129,
1987.

15. Diel JH, Mewhinney, JA. Lung tumor induction in Syrian hamsters with
internally deposited particulate Pu: A synthesis based on microscopic dose
distribution. Radiat Environ Biophvs 22:251-268, 1983.

16. Shyr LJ, Diel JH, Chang IY, and Guilmette RA. A method for studying the
effect of the distribution of inhaled 239PuO2 particles on dose-rate
distribution in the beagle dog. lung. Rad Prot Dosim (in press).

17. Hopkins B, Skellam JG. A new method for determining the type of
distribution of plant individuals. Ann Bot 18:213-227, 1954.

18. Crawford-Brown DJ, Shyr LJ. The relationship between hit probability and
dose for alpha emissions under selected geometries. Radiat Prot Dosim
20(3).155-168, 1987.

19. Walsh, PJ. Stopping power and range of alpha particles. Health Phvs
19:312-317, 1970.

20. Rubinstein RY. Simulation and the Monte Carlo method, 1st edition, pp 39-
43, John Wiley & Sons Co., New York, 1971.

DISCUSSION OF PAPERS BY E.B. VAN DIEREN AND L.J. SHYR

WILSON: I have a question for Dr. van Dieren. If I recall correctly in your
graph you had number of sources versus distance to target. My question to you is
how did you account for the difference in source activity concentrations for t;ro
or more sources located at the same distance away from the target, assuming you
used a standard point kernel figure/table? (This question is irrelevant if you
calculated your own point kernels, which was not clear in your presentation.)

VAN DIEREN: I am sorry. I did not understand the question.

WILSON: If yov had more than one source with different activity concentrations
at the same distance away from your target, how did you account for that in your
calculation of the dose?

VAN DIEREN: The calculation of the dose is a mere multiplication. When you have
more than one source at the certain distance then you have twice the dose at the
target.

WILSON: So you assumed a homogeneous source activity concentration at the same
distance. Is that what I am understanding is your answer?

VAN DIEREN: I don't think I understand what you are implying. There can be more
sources at a certain distance, for instance, ten sources at a distance on one
side of the target and ten sources on the other side. The absorbed dose is then
twice the absorbed dose from the sources at one side.
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WRIGHT: I have a question for Dr. Van Dieren. Did you fully take into account
edge effects in your calculations, especially with respect to source-target
distance?

VAN DIEREN: You can always see an edge effect in the distance histograms when
you take another target in the central target or target in the corner but since
the distance histograms were noisy enough, I only showed two of them. Every
target has its own distance histogram and you can clearly see edge effects in
most of the targets.

WRIGHT: O.K., second question. In the hypothetical situation were you able to
take into account edge effects and do you think that would make any reasonable
difference in the results?

VAN DIEREN: Well, the edge effects in the plots are not the same as the total
edge effects because there are more sources beyond what you are looking at. 1
only considered sources which you could see. For instance, when you look through
a microscope you see these kinds of source distributions and you calculate the
local dose due to these sources, but since you can incorporate data from
in.tracellular localizations you can also incorporate data from sources beyond
what you are looking at. You can also have millimeter distance histograms and
incorporate the histograms in the same way as I did with the cellular histograms.
Does that answer your question?

WRIGHT: I think so.

STUBBS: I have a question for Dr. Shyr. What tissue type were you trying to
model with your random and nonrandom cellular distributions? Secondly what alpha
emitter are you calculating the dose from?

SHYR: The second question first, for this calculation we usod 8-MeV alpha
particles. As far as the first question is concerned, what kind of tissue are
you asking about?

STUBBS: Yes, it appeared, at least if the slide was to scale, that there is a
tremendous amount of free space as compared to cellular space. I was just
wondering if this was a tissue culture or what.

SHYR: We just talked about a general tissue without air space. The cell
concentration may be a few percent of the tumor mass and the rest of the mass
will be connecting tissues, tissue secretions and other things, but for these
calculations we just assume there's a tissue.
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Summary and Highlights of the
Fifth International Radiopharraaceutical Dosimetry Symposium

Oak Ridge, May 7-10, 1991

Mr. Chairman, Dear Friends and Colleagues,

It is not an easy task to summarize this very productive and interesting
symposium. It is however an honor and a privilege for me to do it and I am very
grateful to Audrey for asking me. What I am going to say will of course - at
least to some extent - reflect my personal opinion and interests.

This is the fifth in a series of prestigious and well known International
Symposia on Radiopharmaceutical Dosimetry. As the preceding ones, this 1991
Symposium has been an outstanding source of information, inspiration and
contacts. The credit for this success belongs mainly to three persons - Evelyn
Watson, Audrey Schlafke-Stelson and Fanny Smith. I propose a warm applause to
these three ladies. It also belongs to the speakers and to the audience which
have contributed a great deal. We also thank the sponsors which are the Oak
Ridge Associated Universities, the Food and Drug Administration, the Department
of Energy, the Nuclear Regulatory Commission, and corporate sponsors: Centocor.
Inc.; Cytogen Corporation; Du Pont Radiopharmaceuticals; Mallinckrodt Medical,
Inc.; Squibb Diagnostics; Syncor International Corporation; and Tri-Med
Specialties, Inc.

We are all working to get better estimates of the radiation absorbed dose.
We meet in a time when there seems to be a high interest in patient dosimetry and
we have had discussions in the light of revised risk estimates for radiation.

The papers in this symposium and the discussions also reflect the increasing
interest for radiotherapy with radiopharmaceuticals. Of the 45 papers presented,
about 10 were related to general dosimetry and the others were equally divided
between diagnostics and therapy. There was also a panel discussion about
therapy.

In radiotherapy we really need good dosimetry because we are working close
to the tolerance doses for vital tissues such as bone marrow and liver. To
understand what we are doing we also need information on the absorbed dose in
various parts of the tumor.

For diagnostics we now see a new generation of Tc-99m labeled substances
coming up. Several of them are excreted through the gastrointestinal tract to a
considerable degree and give higher effective doses (= 10 mSv per investigation)
than we are used to for old Tc-substances (0.5-2 mSv). This is then the
framework of this symposium as I see it.
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EFFECTS OF LOW DOSES OF RADIATION

We started on Tuesday with an invited paper by Professor Feinendegen, who
concluded that for low doses and low LET radiation there are adaptive responses
in individual cells with the result that the risk from repeated exposure is
generally not additive. He showed results demonstrating a temporary improvement
of DNA-repair lasting for some hours after irradiation. This response was also
shown to be protective towards toxic substances that are generated during normal
metabolism. The net result of low dose irradiation on tissue may thus even be
beneficial as shown with various types of effects on hematopoietic tissues of
mice. This is what we call hormesis. We need such experimental studies to get a
more solid basis for the prediction of low-level radiation effects.

As long as we do not have information about the real dose-effect
relationships for very low doses of radiation to human organs and tissues and
because in diagnostic studies we sometimes give absorbed doses higher than 5-10
mGy, we have to stick to the ICRP philosophy and its system for estimation of
detriment.

ICRP 60

Keith Eckerman summarized the new ICRP Report 60. The risk estimates for
serious radiation induced effects (mainly fatal cancer) have been changed from
1.25% per Sv to 5% per Sv and there are indications of an increased risk of that
order for doses down to iOO-200 mSv. There are also new weighting factors for
calculation of the effective dose (formerly called the effective dose
equivalent). This will simplify their use in nuclear medicine even if there are
some questions about weighting factors for the thyroid and the liver. The
definition of colon also needs clarification.

There is one thing in the ICRP 60 Report which has not been discussed in
enough detail during our meeting and that is doses and risks for the newborn,
children and fetuses. The greater radiosensitivity of children and neonates has
been recognized for a long time but recent estimates have given new indications
that the risk of dying from a radiation induced cancer may be 3 times higher for
a newborn baby than for the average population and perhaps 10 times higher than
for the typical nuclear medicine patient. Therefore, in a time with limited
resources, our work should start in pediatric nuclear medicine as well as in
pediatric radiology.

For fetuses we have to expect a higher risk for radiation-induced lethal
cancer than for the newborn. On top of that there may be a risk for radiation-
induced mental retardation, especially in the time interval 8-15 weeks after
conception but also during weeks 16-25.

RADIOIMMUNOTHERAIY

There were more than 10 papers and a panel, chaired by Randy Brill, about
radioimmunotherapy (RIT). In his introductory paper, Jeff Wong stated that to
improve efficiency of radiotherapy with monoclonal antibodies (MAb), we have to
understand and take advantage of factors in the radiobiology of tumors and of
normal tissue. Most of the factors which influence the radiation responses are
the same as in external radiotherapy: repair of damage, repopulation, triggering
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of cell cycle, reoxygenation and redistribution. The dose rate is however
different. For internal therapy it is also a question of .dose heterogeneity.

The dose limiting tissue for tumor treatment is the bone marrow. Several
groups referred to a tolerance dose of = 2.5 Gy but bone marrow dosimetry is
difficult and should be improved. Therefore the maximal tumor dose may not be
more than between 4 and 40 Gy. Tumor therapy with radiolabeled antibodies alone
is therefore not enough. There is a need for additional therapy like external
radiotherapy, chemotherapy, therapy with interferon or/and hyperthennia.

The importance of heterogeneity in uptake of activity (and thus in the
absorbed dose) in the tumor was discussed in papers by Fischer, Pentlow, Graham,
Carrasquillo and others, and there are now methods to investigate this
heterogeneity of uptake in tumor tissue, abscesses, inflammations and normal
tissue at least on a cm3 scale. These methods are however very complicated and
it will take considerable time before they can be used routinely.

We also need microscopic and small scale methods. Unfortunately there was
no paper about autoradiography.

Several speakers reported a large variation in uptake from patient to
patient and even for the same patient in repeated investigations. This of course
makes individual dose planning very difficult. Despite these problems, Barry
Vessels expressed a controlled and balanced optimism for the future.

We need to find reliable methods for the determination of time activity
curves in various tissues and for volume determination. Another important
contribution might be methods and systems to describe the heterogeneity of
uptake.

Many papers referred to animal models for uptake and dosimetry in
radioimmunotherapy but there is still confusion in how to extrapolate animal data
to humans. All of us should clearly state how such an extrapolation is done and
also try to systematically compare data on uptake and retention for each
combination of antibody and radionuclide in animals and man.

We have heard about interesting attempts to separate the activity which was
intracellularly bound from that present extracellularly. Researchers have used
dynamic PET imaging and compartmental models to test the idea and obtained
patient-specific kinetic parameters for intracellular (bound) and extracellular
activity. It is important to do such studies when possible. From a model
describing the cellular geometry, the energy which was absorbed intracellularly
and extracellularly may be estimated from fractions of cells killed, etc. Even
if this is a theoretical construction at the moment (and all are aware of the
complexity of microdosimetry and PET), this is a new interesting idea for the
therapeutic use of radiopharmaceuticals.

GENERAL MODELS

We will also remember a series of interesting papers about general
dosimetric models and transport calculations related to particle radiation using
advanced Monte Carlo techniques and various point kernel algorithms. Using these
methods scientists from Texas A & M University, Battelle, The Ontario Cancer
Centre and Kansas State University have calculated S-values for electron
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emitters. They have estimated dose to bone marrow, electron and beta energy
deposition within trabecular bone, dose to blood vessels etc. We have also heard
about similar types of calculations carried out at the cellular level.

The group here at Oak Ridge Associated Universities presented both an
extension of the present gastrointestinal (GI) tract model and a new, more
realistic, model for the GI tract. I think we should congratulate Janes Stubbs
and his co-workers for this very important contribution towards better dosimetry
for the GI tract. They have given us a model at a time when we really need it
for dose estimation of a number of new technetium labeled substances and at a
time when the GI tract has received higher weighting factors than before.

Another important milestone is the ongoing work with the new ICRP Report on
the "reference man" from which Mark Cristy showed us new data on body sizes for
reference adults and children. We are all waiting for the new report.

NEW RADIO-PHARMACEUTICALS

This symposium has given us better dose estimates for several
radiopharmaceuticals. I would like to mention the careful evaluation of doses
from the new myocardial imaging agent Tc-99m P53 made by Terry Smith and
co-workers. New knowledge has also been added to the dosimetry of Tc99-MIBI.

The University of Chicago group, together with people from the National
Cancer Institute, evaluated the dosimetry for radiolabeled low density
lipoprotein, the main plasma carrier of cholesterol.

Paul Harper discussed special aspects of dosimetry for positron emitters,
for which very few distribution studies, with radiation dose estimations in mind,
have been done. Harper's plea for serious comprehensive distribution
measurements was supported by several speakers and can be extended also to other
substances and especially those frequently used in children.

PEDIATRIC NUCLEAR MEDICINE

With regard to dosimetry for children, newborn and fetuses we have listened
to 3 papers. Evelyn Watson has revised the radiation absorbed dose to the human
fetal thyroid and gave us new figures for the mean absorbed dose to the fetal
thyroid per MBq given to the mother at various times after conception. The data
is still based on very divergent literature information. There is a need for
more basic data at least for the more long-lived iodine isotopes.

Mike Stabin calculated the dose to children from Tc-99m MAG3 and reported
organ doses and effective dose equivalents per unit activity which were about 10
times higher than for adults.

Another presentation gave estimates for children from Tc-99m HMPAO. The
estimates for the newborn were about 20 times higher per unit injected activity
than for an adult.

Time is running and before I stop I would like to say some words about what
was missing in this symposium.
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WHAT WAS MISSING?

• There was nothing about therapeutic substances other than radiolabeled MAb,
except what was said about dosimetry of radioiodine in the thyroid at the end
of the meeting. I think there is a reason to improve the dosimetry also when
we use agents such as Sr-89 and Sm-153 for therapy of bone tumors.

• The effects of thyroid blocking by means of stable iodide for radioiodine,
and perchlorate for pertechnetate and iodide, are still controversial and
should be studied and discussed more.

• We had hoped that the recently developed "dynamic bladder model" would be
presented and discussed by members of the MIPD groups, who are active in its
development. It will be a great step forward to get a model which
incorporates the complexities of urinary function into an algorithm for
calculating the absorbed dose to the bladder wall.

• There was nothing about the work going on to develop more realistic
mathematical phantoms based on CT and MR images ("voxel phantoms") for
internal dose calculations. It is of great interest to see how much the
S-values calculated with the voxel phantoms differ from that calculated by
means of the MIRD phantoms for various ages.

WHAT SHOULD WE DO IN THE FUTURE?

What I have just mentioned are of course natural topics for our future work
and for our next meeting. There are also a series of important additional
points:

Measurement Technique

• Much of our quantification in vivo relies on uptake measurements by means of
gamma camera images. The classical technique is the conjugate counting
method, using the geometric mean of the number of anterior and posterior
counts. However, various groups use different methods for attenuation
correction etc. There is an urgent need for standardization and
intercomparison of the quantification techniques.

Diagnostics

• We always agree to improve our efforts to collect biokinetic data for
routinely used substances. This is not easy in real life. However, we have
to do it and it is especially urgent for children and the newborn.

• I also think we should review the various methods to reduce uptake and
retention (blocking, laxatives, frequent voiding) and estimate their
potential for dose reduction.

• We always have to undertake the responsibility for calculating dose estimates
for new substances.

• We have to continue to improve and test general models, such as for the GI
tract and for the skeleton, and also to study the influence of such
parameters as age, sex, food-habits, etc. on the models.
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• There is a lot to do related to fetal dosimetry in particular the transfer of
radionuclides through the placental barrier and the "external" irradiation
from activity in the mother.

Therapy

• Radiotherapy using radiopharmaceuticals is dependent upon reliable
quantification in vivo. The role of SPECT compared to ordinary gamma camera
measurements should be evaluated.

• There is also a need for simple methods to study heterogeneity of tumor
uptake.

• Bone marrow dosimetry should be refined as the doses to bone marrow often
limit the use of radiopharmaceuticals for tumor radiotherapy.

CONCLUSION

There is of course a lot more to say, but because I have used my time I
would like to finish my summary here. Finally, I would like to thank the program
committee once again for all your efforts, for the interesting program and for
creating such a constructive and friendly atmosphere. I wish you all the best in
your future work for better dosimetry and hope that we.can meet again at the 6th
Oak Ridge International Radiopharmaceutical Dosimetry Symposium.

Thank you all.

(Soren Mattsson, Professor, Department of Radiation Physics, Lund University and
Malmo General Hospital, Malmo, Sweden)
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SUBJECT INDEX

Ablation,
bone marrow, 156, 506, 507
tumor, 106, 108, 111

Absorbed dose. See Dose,
radiation.

Absorbed fractions,
for bladder, 324, 330, 332-333
age-dependent for bladder, 326
for blood vessels, 243-244,

246-248
for bone, 290-291,294-295
for cells from Auger

electrons, 400, 402
for cell clusters, 531-536
for cell nucleus, 406-407
for esophagus, 48
for fetus, 184, 186
for heart wall, 390
for the Indian physique, 220-

221
from intrathecal

administrations, 188-190,
192-193, 195-196

for nonpenetrating radiation,
67

point pair distribution of, 311-
316

scaled in tissue, 297-298, 301
for salivary glands, 480
age-dependent for thyroid, 325
for human thyroid, 549
reevaluated for thyroid and

bladder wall, 274-276, 278-
280

developed from voxel
measurements, 336

interpolated, 475
Absorption,

of radiation by a cell, 2-3
of 3H and 14C through skin, 54
of low-energy X-rays in

autographic emulsion, 87
from peritoneal cavity, rate

of, 141
from small intestine to blood,

202
from GI tract (1CRP 30

model), 230
from GI tract (RIDIC model),

232-240
from GI tract (Skrable model),

233
from GI tract (model of

Bernard and Hayes), 238
from GI tract ("slug" model),

238
total energy, 314
interaction coefficients in

buildup factor calculations,
316

Adenocarcinomas, 113, 114,
130-132

Adrenals,
Weighting factors for, 31, 43
tumor-to-nontumor ratio for

'"I-3F8, 110
particle uptake by, 256
radiation dose to, 425-429,

453, 476, 492-493
Age-dependence,

of thyroid, 324, 325
of mean bladder volume, 448
of response functions in

thyroid follicular cells, 562,
567, 570-571

Albumin,
use in labeling, 96, 114
model for, 215, 216

ALGAM software, 276, 283
Algorithms,

for RIDIC GI tract model,
229

for dose kernel calculation,
297,301,306

errors in, 307
for determining volumes, 335
for high resolution

reconstruction, 342,
for estimating parameters,

376, 387
in SAAM software, 438

Alpha emitters,
^ R a , 151
absorbed fractions for bone,

291
use of positron emitters for

estimating dose from, 397,
410

dosimetry of, 531-532, 535-
536, 538-539

212Bi, 589
in immunotherapy, 514,

589-598
Alphas,

Weighting factors for, 30
energy deposition of, 521

Alpha interferons, 18
Aluminum, range in, 194
Amino acids.

effect on gastric emptying
rate, 232

Ammonia,
kinetics of, 371-381, 385-392

Animal(s). See specific species,
extrapolation to man, 64, 140
radioimmunotherapy in, 66,

68, 73, 95
TLD measurements in, 69-75
patient doses compared with,

95
percent injected activity as

function of body mass, 99
external beam irradiation in,

108
quantitative measurement of

l24Iin, 109-111
comparison of data with

humans, 141
value of data from, 163-164
pregnant and nonpregnant,

studies in, 167-173
lipoprotein metabolism in,

256, 258, 272
PET scanner designed for, 413
toxicity studies in, 511
determination of follicle sizes

in, 559-560
Antibodies. See Monoclonal

antibodies.
anti-CEA, 9-10, 12, 14, 18
anti-melanoma, 10
use of gamma-interferonwith,

9, 18
nonuniformity of distribution

of, 9-11
use of hyperthermiawith, 20
uptake enhancement with

radiation, 26
use of EPR for dosimetry of,

64
B72.3, 66 ,67 ,70 ,72 ,73 ,

75, 76, 142, 149, 393, 413,
597

kinetics in spheroid model,
77-93

therapy with )3II-3F8, 95-110
pharmacokinetics of iodine-

labeled C-215 and C-245,
113-125

HMFG1, dosimetry of, 130-141
"Y-labeled CO 17-1 A,

dosimetry of, 144-148
^ R a as a label, 151
IJ4I-labeled 3F8,

microdosimetry of, 396-411
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M195, 482
panel discussion on therapy

with, 507-518
in large hypoxic tumors, 531 -

532, 539
radionuclides for labeling, 541
incorporation of IOB atoms

into, 574
penetration into spheroid, 576
dosimetry of, using

autoradiography, 589-597
Antibody-antigen complex,

rate of shedding, 77
binding, 576

Antiferritin, 149, 289
Antigen,

CEA, 8-12, 14, 15, 18, 20,
21, 114

nonuniform distribution of, 77
fraction bound, 89-90
use of immunofluorescence

with, 129
GD2, 95-96, 104, 111-112,

398, 400, 404, 408-409,
411-412

CD33, 482
TAG-72, 67,507
increasing concentration of, 8,

17-18, 20, 509, 514
Antigen-antibody binding, 78,

404
Antimony-125, 159
Aorta,

lymph node metastases
around, 114

parameters of, 245
blood volume and dose in,

249, 252
Arms,

trabecular bone thickness in,
293

absorbed energy in, 294
model of, 354
increasing blood flow through,

367
permissible exposure of, 368
dose from radionuclide

administration, 417
Administration of Radio-

active Substances Advisory
Committee (ARSAC), 52

Arsenic-72,
decay information and

dosimetry for, 419-431
Arsenic-74,

decay information and
dosimetry for, 419-431

Arsenic-76,
decay information and

dosimetry for, 419-431
Arsenic-77,

decay information and
dosimetry for, 419-431

Arterial circulation, 245, 252,
269, 371-374, 378, 387,
388,412

Arteries,
parameters for, 245

Arterioles, 244, 245, 252
Ascending colon, 233,234,

239, 240
Astatine-211,

half life of, 156
dosimetry of, in cell clusters,

532, 536, 539, 597
Atomic composition of skeletal

muscle, 299
Attenuation correction,

in children, 435
measured, 467
effects of variation in, 477, 478
for body thickness, 500

Auger electrons,
energy absorbed by nucleus,

399-400, 402, 406-410
lethality of, 418,496
for therapy, 506
dose rate in thyroid follicular

cells, 564, 569
energies of, 566

Autoradiography,
for quantitation of spheroids,

80
comparison with modeling,

87-88
used for estimating tumor

doses 589-593, 596

B

Backscattering, 284
Bateman equation, 205
BEIR, 33, 35, 42, 45, 47, 456
Benefit, 1,5, 28,49,63, 147,

155, 179, 240, 498
Beta emitters,

dose in bone from, 293-297
absorbed fractions for, 532
dose in human thyroid from,

544-545
ideal characteristics for

therapy, 510-513
Beta energy spectrum, 60-61,

158, 280, 558
represented as continuum, 248

Beta probe, 413
Bi functional chelate

techniques, 144, 145, 148-150,
164, 256, 257

Bile acid, 46
Biokinetics,

of C-215 and C-245
monoclonal antibodies 113,
117, 124, 125,

of iodide in fetus, 186
of intrathecally adininisteied

radionuclides, 188, 190-191,
216

of "N ammonia, 385
of DAP and DAME, 420-430,
of MAG3 in children 434,

435,444
o f T c - P 5 3 , 4 9 0
of "'I-MEBG, 498, 504

Biological effects of radiation,
3, 4, 108, 496, 529

Bismuth-212,
half life for, 156
dosimetry in cell clusters,

532-575
tumor cell dose of, 589-596

Bladder. See gall bladder or
urinary bladder.

Bleomycin, 7
Blocking,

of thyroid, 47, 115, 117, 124,
132, 135, 409

of fetal thyroid, 215
of maternal thyroid, 216

Blood,
tumor-to-nontumor ratio in,

110, 113, 123
uptake and clearance of

HMFG1 in, 135-139, 163
dose estimates for HMFG1, 141
fetal, disappearance of gallium

from, 174
transfer of gallium and indium

to stomach and uterus, 175
concentration of organic

iodide in, 179, 183
time-activity curves to

estimate residence times in
GI tract, 202-214

correlation of volume with
height and weight, 219

absorbed dose calculations in,
243-253

retention of LDL in, 258,
260, 262, 263, 265-266

elemental composition cf, 299
increase of flow, 367
myocardial flow, 371-374, 388
spillover from tissue to, 382
effect of variation in volume,

405
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elimination of arsenic from, 420
measurement of cerebral flow,

445, 455
clearance of T c - P 5 3 from,

467-476
clearance of T c - M I B I from,

483,485-487,491,494
Blood cells,

labeled, Effective Dose for, 46
survival curves for, 482

Blood flow,
increase in, 20

Blood-forming, 1, 9, 32
Blood vessels,

absorbed dose in, 243-246,
249-253

Blood-brain barrier, 96, 411
Bone,

weighting factors for, 31, 42,
486

sensitivities of, 36-38
contribution to detriment, 37,

42
dosimetryof, 57-62, 141,

146-148, 194, 290-295, 439-
441,453,476,492^93

uptake of HMFG1 in, 133
absorbed fractions for, 196
elemental composition of, 292
therapy of disease in, 420

Bone marrow,
panel discussion on, 507-513
irradiation by '"I, 541
thymidine kinase reaction in, 4,
26
transplantation, 14, 506-509
Weighting factors for, 31, 42,
486
sensitivities of, 32, 111
contribution to detriment, 37, 42
dosimetry of, 64, 123, 134-

135, 141, 144, 147-148,
195, 266, 284-288, 290-295,
425-429, 439-441, 453, 476,
492-493, 506, 507-509

toxicity in, 95, 504, 506, 507-
509

detectable damage in, 108
tumor-to-nontumor ratio of

3F8 in, 110
minimum injurious dose in, 125
uptake of HMFG1 in, 133
use of mouse data for

dosimetry of, 163
absorbed fractions in, 195

Boron,
used for neutron capture

therapy, 519-529, 574-576
Bragg-Gray, modification of, for

bone and marrow
dosimetry, 291

Brain,
Weighting factors for, 31, 43
effective half-time of '"I-3F8

in, 99
radiation damage in, 108
anatomical configuration of,

189-190, 223
transformation factors for, 225
pH of, 371
distribution of I24I-3F8 in, 402
of schizophrenic patients, 416
glucose metabolic rate in, 417
use of arsenic to study, 419-

431
HMPAO in, 444, 446,

450-454, 465
dose from T c - P 5 3 in, 476
dose from T c - M I B I in, 487,

491-493
Brain tumors, 408

plasma volume in, 409
localization of, 420
imaging with PET, 465
therapy with neutron capture,

519
Breast,

Weighting factors for, 31, 42,
486

contribution to detriment, 37,
42-44

dose from T c - H M P A O in,
453

dose from T c - M I B I in, 492-
493

Breast milk,
gallium uptake and biological

half time in, 175
Bremsstrahlung radiation, 278
Bromine-75, 366, 367, 416
Bromine-77-bromospiperone,

for study of schizophrenic
patients, 416

Bromine-82, 366
Buildup factors, 309, 316,

324-326, 328

Calcium-45,
S values for thyroid, 281
S values for bladder, 282
absorbed fractions in bone,

294
Calcium-49,

S values for thyroid, 281
S values for bladder, 282

absorbed fractions in bone,
294

Calibration,
EPR system, 64
autoradiography system, 87,

88
sensitivity ractors for, 116
with whole-body phantom,

124, 485-486
developed by NIST, 156
with kidney phantom, 435

Cancer,
radiation risk for, 1, 8, 35-37,

41-43
therapy for, 9, 385
susceptibility of tissues for,

29,49
induction of, 32-33, 193, 444
increase in number of, 34, 45,

64,
treatment of, with electrons,

297, 400, 410
chemotherapy with arsenic

compounds, 419
Capillaries,

dosimetry of, 244, 245, 249,
252

Carbon-11,
dose in blood, 249-251, 253
S values for thyroid, 28!
S values for bladder, 282
labeled DMO, 371

Carbon-14,
administered on skin, 54
dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282
absorbed fractions for bone,

294
Carcinoembryonic antigen, 14,

24
Carcinogenesis, 1, 34, 39
Catabolism, 258,261,265,

267,268,270,271,409
Catenary model, 230, 238
Cell(s). See specific cell lines,

effect of radiation on, 1-7
survival, 9-12, 14-15, 18, 20,

26
at risk, 39, 414
single, treatment of, 284
endosteal, on bone, 291
average dose to, 321, 322,

385-393, 396-410,
cell-kill index, 417
tumor, destruction of, 498, 515
neutron reactions in, 519-529
clusters, dosimetry of 531 -

541,577-587
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thyroid, dosimetry of,
544-555, 557-571

dosimetry of, with
autoradiography, 5S9-596

Cell membrane(s),
properties of, 25
3F8 bound to, 410
method of calculating dose to,

415
volumes of, 525
Histogram Factors for, 526
Effectiveness Factors for, 527
RBE values for, 529
absorbed dose for, 583

Cell nucleus,
mass of, 2
probability of hits in, 389,

391-392
dosimetry of, 396, 399-402,

407-410,414,415,417,
418, 531-541

IOB microdosimetry, 519-529
dosimetry in thyroid follicles,

559-571, 574-576
distribution histograms for,

579-585
Cerebral blood flow, 189, 384,

419, 420, 432, 445, 455
Cerebrospinal fluid (CSF), 112,

188-190, 192-194, 200, 216
Cesium-129,

dose in blood 281-282
Cesium-137,

committed effective dose
equivalent for, 38-39

used for quench monitoring,
157

Chelate. See bifunctional chelate
techniques.

Chemotherapy,
8, 17-18,20, 114, 132,419,
482,501,507,511

Children,
studies in, 99, 434-441,

444-455, 465, 466, 499
mathematical models for, 220-

227
effects from radiation of

mother, 186, 216
Chloramine-T method, 67,510
Chord length, 288,290,291,

293,316,330
Chromium-51,

chloride, Effective Dose for,
46

EDTA, Effective Dose for, 46
EDTA, oral administration,

Effective Dose for, 46
erythrocytes, Effective Dose

for, 46
half life of, 152-153
S values for thyroid, 281
S values for bladder, 282

Circulatory system,
dosimetry of, 243-245, 249,

252,253
cis-Platinum, 17, 18
Cisterna terminalis caudalis,

189, 190
Cisternal injection, 191,192
Cisternography, 188, 190, 200,

201
Clavicle,

energy deposition in, 293,
294

Cobalt-57,
S values for thyroid, 281
S values for bladder, 282

Cobalt-58,
S values for thyroid, 281
S values for bladder, 282

Cobalt-58m,
S values for thyroid, 281
S values for bladder, 282

Cobalt-60,
used for calibration, 64
S values for thyroid, 281
S values for bladder, 282

Cobalt-60m,
S values for thyroid, 281
S values for bladder, 282

CO17-1A. See Antibodies and
Monoclonal antibodies.

74.75, 144-149, 214
Collimator(s),

pinhole, 98
parallel hole, 116,470,484,

499
medium energy, 342
low energy, 356, 446, 470, 484
high energy, 499

Colloids,
small, Tc- labeled , Effective

Dose for, 46
large, Tc- labeled , Effective

Dose for, 46
tin-labeled, 500, 503

Colon,
Weighting factors for, 31, 42,

55, 586
contribution to detriment, 37
physiological model for, 229-

240
MIBI transit times for, 494

Colon cancer,
radioimmunotherapy for, 8-

19, 113,507
Colony formation, 10, 18

Committed effective dose
equivalent, 38, 52-54

Compartmental analysis and
modeling, 182, 212, 216,
217, 231-232, 371-372, 382,
385-387, 390, 392, 395-400,
404^05, 408-410, 439, 466

Compton scattering, 292
Concentric spherical volumes,

317
Congenital defects, 179
Conjugate counting, 258, 259,

262, 270, 446, 604
CONSAM30, 182. See also

Simulation, Analysis and
Modeling.

Continuous slowing down
approximation (CSDA), 285,
297,298,299,315,316,
320, 368, 532, 533, 549

Contrast agent(s), 104, 200,
232, 261, 266, 353, 363,
419

Convolution integrals, 368, 380,
399,457,459,461,463,
464

Coronary artery disease, 377,
417

Cortical bone (CB), 59, 60, 133,
135, 284, 291

Coster-Kronig electrons, 399,
409

Copper-62,
S values for thyroid, 281
S values for bladder, 282

Copper-64,
S values for thyroid, 281
S values for bladder, 282

Copper-67,
S values for thyroid, 281
S values for bladder, 282
dose in spheroids, 531-532,

541
Cumulated activities,

calculation of, 117, 265, 386,
447, 457-464, 500

for iodine isotopes in maternal
and fetal thyroid, 180-186

for LDL, 256
in cells, 407, 452, 464
for T c - H M P A O , 452, 454
for T c - M I B l , 485, 491

Cylinders),
representing spinal cord, 189-

190, 1%
representing blood vessels,

246-249
point-pair distribution in, 313,

315,319-320
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Cylindrical,
interface of cortical bone, 285
shell of cortical bone, 288

Cylindrical shell volumes, 319
Cytoplasm, 2, 400, 410, 418,

519-521,525-527,529,531,
534

Cytotoxicity, 18, 96, 111, 112,
587, 589, 598

D

Deiodination, 127, 409
Deoxyglucose. See Fluorine-18.

94,371,384,417
Deoxyribonucleic acid (DNA),

1 ,2 ,4 , 12, 14, 17,22,24,
336,391,418,520,528,

. 576
Descending/rectosigmoid colon,

232,234
Deterministic effects, 28, 32,

196
Detoxification, 1, 4, 5
Detriment, 1, 5, 28, 33, 35-37,

42, 48, 601
Diffusion constant(s), 77, 78
Digestible solids, 231
Dimethylarsinomercaptoethanol

(DAME),
biological parameters and

dosimetry of, 420-431
Dimethylarsinopenicellamine

(DAP),
biological parameters and

dosimetry of, 420-431
Dilactitol, 127,270
Dipyridamole, 377
Dissociation rate, 77, 78
DMSA, 46
Dopamine, 416
Dog(s),

studies in, 55, 58-59, 371,
377,508,511,517,589-591

Dose, radiation. See specific
radionuclide. Also Effective
Dose or Effective Dose
Equivalent,

low, effect of, 1-6
from Y-90 labeled antibody,

8-20
to eye, 54
use of EPR spectrometry for

calculation, 57-61, 64
comparison of external beam

with radioimmunotherapy,
66-74

from therapy with '"I-3F8,

95-111
from C-215 and C-245 labeled

with radioiodine, 113-124
from therapy with '"I-labeled

HMFG1, 130-142
from wY-labeled CO17-1A,

144-148
to human fetal thyroid from

radioisotopes of iodine, 179-
186

from intrathecally
administered radiopharma-
ceuticals, 188-199

to GI tract, predicted from
blood and liver time-activity
curves, 202-214

to blood and blood vessels,
243-254

from radiolabeled low density
lipoprotein, 256-267

to bone marrow, enhancement
from back-scattering of
electrons, 284-288

for "NH3 at cellular level,
385-393

for I24I-3F8, 396-410
from radioarsenic-labeled

compounds, 419-431
for T c MAG3 in adults and

children, 434-441
for Tc-HMPAO in children,

444-455
for T c - P 5 3 , 467-478
for ""Tc-MIBI, 483-496
for boron neutron capture

therapy, 519-529
to cell nuclei, 531-541
to thyroid from IJII, localized

distribution of, 544-555
to thyroid follicular cells from

X-ray and radioiodine, 557-
571

distance histograms of, 577-586
cell-specific, from

autoradiography, 589-596
Dose enhancement, 66, 74,

285-288, 571
Dose Factor,

for neutron capture therapy,
523, 526

Dose kernels,
scaled, 297-307

Dose response, 4, 21, 25, 32,
95,96

Dose transformation,
factors for Indian physique,
220, 224-227

Dosimetry. See Microdosimetry.
of positrons, 366-369

of marrow, problems of, 507-
518

DTPA, 46, 144-148, 216, 230,
256, 257, 266, 367, 393,
434, 435, 437, 439, 440

Duodenum, 233
Dynamic bladder model, 422

Edge detection algorithm, 335
EDTA, 46,257,272
Effective Dose. See Effective

Dose Equivalent. Also Dose,
radiation,

considerations in formulation,
28-39

comparison with Effective
Dose Equivalent, 46-47,
477, 492

from ""Tc-HMPAO, 454
from "-Tc-P53, 476
from Tc-MIBI , 492

Effective Dose Equivalent. See
Effective Dose,

distribution of values from
NRPB, 53

contribution of eye dose to, 54
effect of changes in Weighting

factors, 55-56
for renal agents, 440
from ""Tc-HMPAO, 454-455
from Tc-MIBI , 492-493,

495-496
from "'Tl, 496

Effectiveness Factor(s), 28,
519,523,526

Efficacy,
of radioimmunotherapy, 8, 9,

15-20,22, 104, 111, 130,
418

of neutron capture therapy,
528, 541

EFFY2, 61, 157, 158
EGS4 software, 243,245,246,

255, 275, 276, 280, 283,
284, 289-291, 296, 300,
301, 304, 306-308, 334-336,
393, 542

Electron(s),
Weighting factors for, 30
National Standards for, 152-161
energy deposition of, in

spheres, 185
energy deposition of, in CSF,

193-196
energy deposition of, in blood

and blood vessels, 243-254
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energy deposition of, in
marrow from backscattering,
284-288

energy deposition of, within
trabecular bone, 290-295

energy deposition of, within
cell nuclei, 400-402, 406-
410

energy deposition of, within
cell clusters, 531-542

energy deposition of, in
human thyroid, 544-554,
557-571

S values for, 274-282
scaled dose kernels for, 297-

307
distance histograms for, 577-

587
point-pair distribution of, 309-

327
biological effect of, 496

Embryo, 50, 51, 179, 217
Embryo/fetus, 50,51,179,217
Energy deposition. Also see

Dose, radiation,
heterogeneous distribution of,

1
of electrons, 245, 275, 297-

300,306
in trabecular bone, 290-295
in cells, 385-392
from IOB, 519-527

Epidermal growth factor, 408,
412

Epilepsy, 445
Epithelial cells, 130, 131, 322,

557-560, 566, 571
Epithelium, 115,322,414,

558-564, 571
EPR spectrometry, 57-60, 62,

64
Equivalent dose, 8, 28-30, 32,

38
Erythrocytes, 46, 367, 420
Esophagus,

Weighting factors, 31, 486
contribution to detriment, 37,

45, 453
Effective Dose, 42

Europium-152,
half life of, 61

Europium-154,
decay information for, 159,

160
Europium-154 - Europium-155,

decay information for, 159
Europium-155,

decay information for, 159,
160

External beam irradiation,
comparison with

radioimmunotherapy, 8-12,
14-17, 20, 25, 26, 66-69,
71, 95, 96, 108

treatment with, 114
tolerance doses for, 125

Extracellularity,
effect on dose, 396-399
of iodide distribution, 546

Extracellular space,
distribution of antibodies in,

117, 124,406,409
determination of activity in,

371, 380-382, 385-387, 389-
390

Auger emitters in, 402
volume of, 404
Histogram Factors for, 526
Effectiveness Factors for, 527
Relative Biological

Effectiveness of, 529
Extrapolation factor, 421
Eye(s),

sensitivity of, 32, 52
contribution to committed

effective dose equivalent,
54-56

Face, 561
Fecal excretion,

of gallium and indium, 175
of LDL, 257-260
ofP53, 473
ofMIBI, 487

Fetal thyroid
concentration of iodide in, 180
mass of, 184
S values for, 185
radiation doses in, 185

Fetus, 50, 51, 167-169,
173-175, 179-184, 186, 187,
216, 217, 219, 433, 479,
560, 574

Fibrinogen, 47
Figure of Merit, 157
First-order kinetics, 229, 230,

457
Fluorine-18,

fluoride. Effective Dose for,
46

full width half maximum for,
109

NIST standardization of, 156
dose in blood, 250-251
S values for thyroid, 281

S values for bladder, 282
principles of dosimetry for,

366-369
Fluorine-18-fluorodeoxy-glucose,

Effective Dose for, 46
Follicle(s),

lymphoid, 6
thyroid, 218, 322-323,

544-554, 557-567, 569-571,
573, 575

Food and Drug Administration,
154-155, 160-161

Gadolinium-153,
half life of, 160

Gallbladder,
dosimetry for, 53-54, 203,

212,216,441,453-154,
467, 470, 474, 475-478

quantitation of cumulated
activity for, 446-447, 452

reduction of activity in, 483-
484

uptake of MIBI in, 487
radiation dose from ""Tc-

MIBI, 492-494
Gallium,

extrapolation of animal data,
164

localization in fetus and
placenta, 167-169, 173-175

tumor biology study with, 517
Gallium-66,

S values for thyroid, 281
S values for bladder, 282

GaIlium-67,
citrate, Effective Dose for, 46
half life of, 153
decay information for, 160
uptake and half time in breast

milk, 175
S values for thyroid, 281
S values for bladder, 282

Gallium-68,
labeled to LDL, 267-268
S values for thyroid, 281
S values for bladder, 282
half life of, 367

Gallium-72,
S values for thyroid, 281
S values for bladder, 282

Gamma-interferon, 8, 18, 24
Gastric emptying times,

231-233,237-242
Gastrointestinal tract,

dosimetry methods for, 38,
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67, 108, 202-203, 205,
212, 214, 229-236, 238-
241, 262, 271-272, 330,
446-450, 454-455, 463,
467, 470-475, 477-478,
483, 494-496

in animals, 52-56
elemental composition of, 299

Gastrointestinal transit times,
229, 230, 237, 456

Gender-dependence, 229
Genetic damage, 33
Germanium detectors, 61,159,

160, 485
Germanium-68 - Gallium-68,

156
Glioma(s), 396,397,400,

408-410,412,413
Glucoheptonate, 46, 175
Glutamate, 382
Glutamine, 374, 382
Glutathion, 4
Glycolipid, 96, 112, 408, 4]]
Gold-195,

half life of, 153
Gold-198,

half life of, 153
Gonads,

Weighting factors for, 31, 42,
486

contribution to detriment, 37
radiation dose from I3'I-

HMFG1, 135, 141
Gross sensitive volume, 2
Guinea pig,

used for study of gallium and
indium localization in
pregnancy, 167, 168, 173,
174

H

Half lives. See specific
radionuclide.

of 124I; 127-128
of^Ra, 151
measurement of, 159
for positron emitters, 366-368,

397
relationship to half time, 460,

462
Half times,

of repair, 25
assumptions concerning, 53, 55
GQJ, biological and effective,

96-99
of chimeric and humanized

antibodies in blood, 111

of '"I in total body and
plasma, 116-117, 120-121,
124, 125

of HMFG1, 133, 140-141
of iodide in fetal thyroid, 180-

181, 183,216-217
in CSF, 190
in GI tract, 232-233
of MAb in tumor, 402
of HMPAO in liver of

children, 454-455
relationship to half life, 460,

462
of M1BI, 486-487, 490-491

HAM A, determination of, 123,
124, 130, 132

Heart,
distribution of B72.3 in, 68
tumor-to-nontumor ratio of

131I-3F8in, 110
mass in Indian models, 223
dose transformation factors

for, 226
absorbed energy in, 278
elemental composition of, 299
dose to wall of, 388-392
mass in mice and humans, 421
uptake, residence times, and

radiation dose of DAME and
DAP in, 422-431

dose from Tc -HMPAO in,

453
initial uptake, residence times,

and radiation dose of T c -
P53 in, 472-478

uptake, biological parameters,
and radiation dose of MIBI
in, 487-493

Hepatoma, 21, 23,363
Hereditary defects, 33,35,36
high-LET radiation, 27,31,

410, 520
Hippuran. Also see iodine-131

orthoiodohippurate.
47, 441-443, 464-466

Histogram(s), 12-14, 153, 248,
346, 516, 523, 525, 526,
551, 577-581, 583, 585-586,
599

Histogram Factor, 523, 525,
526

Hit size effectiveness function,
4 ,6

HMPAO, 46,202,212,456
HoImium-166,

EPR spectroscopy of, 57-62
calibration of, 156
spectra of, 157-159

Holmium-166m,

half life of, 61
HT29,

radiosensitivity and survival
of, 10, 11, 18

Human serum albumin (HSA),
46,47, 114,201

Hydrocortisone, 115
Hydrogen-3,

committed effective dose
equivalent, 39

water. Effective Dose for, 46
labeled drugs, dose from, 53-

54
efficiency tracing with, 59

Hydroxyapatite, 57-59
Hyperthermia, 9, 17, 20, 24,

25
Hyperthyroidism, 558, 560
Hypothyroidism, 558

I

ICRP publication 23, 219, 229
ICRP publication 26, 28, 31,

40-46, 47-49, 56, 456, 479,
558, 572

ICRP publication 52, 41
ICRP publication 53, 41,43,

44,47,50, 188, 196,416,
447, 448, 455-456, 464,
475, 479, 497

ICRP publication 60, 28,31,
39-48, 55, 56, 456, 479,
497

IgG, 74, 117-119, 123, 164,
575

Heum, 230,233
Image reconstruction, 109, 342,

346, 353, 355, 356, 359,
361,364,594,596

Imaging,
comparison with counting

data, 98
dose calculations from, 101
quantitative, 109, 257-258,

484, 499
SPECT, 342-349, 352-354, 362
PET, 371

Immunohistochemical analysis,
115, 117,408

Immunoreactivity, 67, 96, 97,
127, 128, 398

Investigative New Drug
application, 228

Indium,
Effective Doses and Effective

Dose Equivalents for, 46
localization in fetus and
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placenta, 167-169, 173-
175

excretion of, 513
Indium-Ill,

labeled ZCE025, 18
DTPA, Effective Dose and

Effective Dose Equivalent
for, 46

platelets, Effective Dose and
Effective Dose Equivalent
for, 46

white blood cells, Effective
Dose and Effective Dose
Equivalent for, 46

sea]id source, GI tract transit
of, 230, 237

dose to blood, 251-252
S values for thyroid, 281
S values for bladder, 282
radiation dose from low-

energy electrons of, 409
binding properties of, 539-541
half life of, 152-153

Indium-lll-LDL,
dosimetry and biodistribution

of, 256, 265, 266
Indium-111-[SCN-Bz-DTPA]-

LDL,
dosimetry and biodistribution

of, 256-261,263,265-267
Indium-113m,

S values for thyroid, 281
S values for bladder, 282

Indium-114,
dose in blood from, 250, 251

Indium-114m,
decay information for, 160
S values for thyroid, 281
S values for bladder, 282

Infinite cylindrical source(s),
67,309-317,319,321,322,
324-327,343,381,424,
429, 430, 532, 546, 560,
563, 566

Infusion, 110, 115, 127,
130-132, 137, 163, 398,
403, 412, 508

Inhalation, 39, 47, 366, 368,
589

Integrated Tiger series codes,
284, 289

Interferon, 8, 17-19, 24, 509
Intracellular distribution, 1, 2,

4,371,380-382,386,387,
390, 409, 483, 519, 577,
579,581,583,585,599

Intraperitoneal administration,
21,77, 115, 130-132, 135,
515, 532, 533, 535

intrathecal administration, 188,
195, 200, 216

Inulin-tyramine, 127
Iodide,

fetal thyroid uptake of, 180
Iodine-122,

absorbed dose rate to thyroid
follicular cells from, 567

Iodine-123,
iodide (thyroid blocked),

Effective Dose and Effective
Dose Equivalent for, 47

iodide (thyroid uptake 25%),
Effective Dose and Effective
Dose Equivalent for, 47

iodoamphetamine (IMP),
Effective Dose and Effective
Dose Equivalent for, 47

microaggregated albumin
(MIAA), Effective Dose and
Effective Dose Equivalent
for, 47

orthoiodohippurate, Effective
Dose and Effective Dose
Equivalent for, 47

metaiodobenzylguanidine
(MIBG), Effective Dose and
Effective Dose Equivalent
for, 47

C-215 and C-245, radiation
dose from, 113, 123, 125

probability per decay for, 160
radiation dose to fetal thyroid

from, 185-186
dose to blood and blood

vessels from, 250-251
S value for thyroid, 281
S value for bladder, 282
radiation dose rate in thyroid

follicular cells, 567
S values for thyroid to

thyroid, 569
half life of, 153

Iodine-123-TyC-LDL,
biological parameters and

dosimetry of, 256-267
Iodine-124,

used for iodination of 3F8,
96, 111

phantom measurements with,
109

Full Width Half Max for, 109
absorbed dose in the fetal

thyroid, 185-186
dose in blood from, 250, 251
S values for thyroid, 281
S values for bladder, 282
labeled MAb, PET imaging

of, 407-410

on cell surface, 418
absorbed dose rate in thyroid

follicular cells from, 567
S values for thyroid to thyroid

from, 569
Iodine-125,

iodide (thyroid blocked),
Effective Dose and Effective
Dose Equivalent for, 47

iodide (thyroid uptake 25%),
Effective Dose and Effective
Dose Equivalent for, 47

fibrinogen, Effective Dose and
Effective Dose Equivalent
for, 47

albumin, Effective Dose and
Effective Dose Equivalent
for, 47

labeled mouse MAb for study
of spheroids, 78, 87-88

used for iodination of 3F8, 96
pharmacokinetics of labeled C-

215 and C-245, 113-119
half life of, 153
Standard Reference Material.:

for, 156
radiation dose to the fetal

thyroid from, 185-186
dose in blood from, 250-251
S values in thyroid, 281
S values in bladder, 282
therapy with, 410
on cell surface, 418
dose to cells from, 531, 536-

537
absorbed dose rate in thyroid

follicular cells, 567
S values for thyroid to

thyroid, 569
distance histograms for, 577-

585
Iodine- 125-LDL,

blood values in, 266
Iodine-126,

dose in blood from, 250
absorbed dose rate in thyroid

follicular cells, 567
S values for thyroid to

thyroid, 569
Iodine-129,

absorbed dose rate in thyroid
follicular cells, 567

S values for thyroid to
thyroid, 569

Iodine-130,
dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282
absorbed dose rate in thyroid
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follicular cells, 563
S values for thyroid to

thyroid, 569
Iodine-131,

Effective Doses and Effective
Dose Equivalents for, 39

iodide (thyroid blocked),
Effective Dose and Effective
Dose Equivalent for, 47

iodide (thyroid uptake 25%),
Effective Dose and Effective
Dose Equivalent for, 47

albumin (HSA), Effective
Dose and Effective Dose
Equivalent for, 47

microaggregated albumin
(MIAA), Effective Dose and
Effective Dose Equivalent
for, 47

orthoiodohippurate, Effective
Dose and Effective Dose
Equivalent for, 47
dose estimates for, 440

metaiodobenzylguanidine
(MIBG), Effective Dose and
Effective Dose Equivalent
for, 47

Tumor Volume Index (change
after B72.3), 70, 72-75

absorbed dose and dose
response from conjugated
3F8, 95-99, 104-106, 108-
111

tumor-to-nontumor ratio for
3F8, 110

pharmacokineties and
dosimetry of labeled C-2I5
andC-245, 113-125

dosimetry of labeled HMFG1,
130-132, 134-135, 137-141

Standard Reference Materials
for, 156

radiation dose to fetal thyroid
from, 179-186

residence times in GI tract,
237

absorbed dose in blood, 250,
251

S values for thyroid, 281
S values for bladder, 282
backscatter for, 285-288
labeled MIBG, 498-502, 504
dose to cells and cell nucleus

from, 531,532, 536-537,
539, 541

localized dosimetry in thyroid,
544-554

absorbed dose rates in thyroid
follicular cells, 568

S values for thyroid to
thyroid, 569

distance histograms for, 577,
579,581,583,585

Iodine-131-3F8,
dosimetry and tumor response

of, 95-99, 104-106, 108-109
tumor-to-nontumor ratio for,

110
Iodine-131 B72.3,

biodistribution of, 68
Iodine-131 fibrinogen, GI tract

transit, 230, 237
Iodine-131 HMFG1, dosimetry

of, 130-132, 134-143
Iodine-131-LDL

biliary excretion for, 258
blood values for, 266

Iodine-131-MIBG,
dosimetry of, 498-505
tumor uptake of, 501
total body retention of, 503

Iodine-131-TyC-LDL, 257-259,
266

Iodine-132m,
absorbed dose rates in thyroid

follicular cells, 568
Iodine-132,

absorbed dose rates in thyroid
follicular cells, 568

S values for thyroid to
thyroid, 569

Iodine-133,
absorbed dose rates in thyroid

follicular cells, 568
S values for thyroid to thyroid

for 569
Iodine-134,

absorbed dose rates in thyroid
follicular cells, 568

Iodine-135,
half life of, 153
absorbed dose rates in thyroid

foilicular cells, 568
Iodoamphetamine (IMP),

Effective Dose and Effective
Dose Equivalent for, 47

lonization quenching, 157
Iridium-192,

S values for thyroid, 281
S values for bladder, 282

Iron-52m,
S values for thyroid, 281
S values for bladder, 282

Iron-52,
S values for thyroid, 281
S values for bladder, 282

Iron-55,
Committed Effective Dose

Coefficients for, 39
absorbed dose in blood from,

250,251
S values for thyroid, 281
S values for bladder, 282

Iron-59,
Effective Dose and Effective

Dose Equivalent for, 46
half life of, 153
S values for thyroid, 281
S values for bladder, 282

Jejunum, 233

Kidney(s),
Weighting factors, 31
tumor-to-nontumor ratios for

3F8, 110
uptake of 3F8 iu, 135
dosimetry for 3F8 in, 141
increase in mass during

pregnancy, 173
transfer of indium and gallium

to during pregnancy, 174
in Indian physique, 220-226
LDL in, 258-262, 265
dosimetry for radiolabeled

LDL in, 266
elemental composition of, 299
mass and extrapolation factor

for, 421
dosimetry of radioarsenic

compounds in, 422-431
dosimetry of T c MAG3 in,

434-441
dosimetry of T c HMPAO

in, 444-454
dosimetry of ""Tc P53 in,

467-478
dosimetry of '"I MIBI in,

482-496
Kinetic energy, 194, 278, 298,

301
Kinetic model(s), 372, 417, 438
Krypton-81m,

dose in blood, 250, 251
S values for thyroid, 281
S values for bladder, 282

Laplace domain, 203-205,210
Lead-203,

half life of, 153
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decay information for, 160
S values for thyroid, 281
S values for bladder, 282

Leg(s),
absorbed energy in, 294
uptake of P53 in muscle of,

477
assay of marrow in, 513

Lens of the eye, 32, 37
Leukemia, 5, 33, 34, 36, 165,

393, 482, 508, 509, 512
Linear Energy Transfer (LET),

1, 2,27,30-32,386-387,
510-511,519-522,524,532,
535, 585, 589

Linear regression analysis, 258,
259, 342

Linear-quadratic model, 28
Lipid(s), 4, 25, 268
Lipoprotein(s), 256, 267-271
Lithium, 519-524, 527-530
Liver,

Weighting factors, 31, 42
contribution to detriment, 37

45
tumor-to-nontumor ratio for

3F8, 110
131I uptake in, 120, 122, 135
dose from 123I and '"I , 123
dosimetry of 13II HMFG1, 141
dosimetry of *>Y CO 17-1A in,

148
localization of indium and

gallium in pregnancy, 169
increase in mass during

pregnancy, 173
transfer of indium and gallium

to, during pregnancy, 174
time-activity curves in,

202-217
uptake of LDL in, 256-263,

272
elemental composition of, 299
phantom for SPECT study,

342-343, 346-350
uptake and dosimetry of

arsenic compounds in,
420-430

uptake of MAG3 in children,
437-439

uptake of HMPAO in
children, 444^*55

uptake of P53 in, 467-478
uptake of MIBI in, 484^94
tumors, uptake of MIBG in,

501
LoVo cell line,

radiosensitivity and survival
of, 10, 11, 17, 18

Low density lipoproteins, 256-
267

Lower large intestine (LLI),
dosimetry models for, 202,

203, 230, 234, 237-238
LDL in, 263-266
uptake of HMPAO in, 447-

455
uptake of P53 in, 475-476,

478
uptake of MIBI in, 487,

491-494
low-LET, 1,31,510,511
LS174T,

radiosensitivity and survival
of, 8, I I , 13-15,20,25,26

dosimetry of, 66, 67, 69-72,
74

Lumbar injection, 188, 190,
191

Lumenal contents, 232
Lung(s),

Weighting factors for, 31
contribution to detriment of,

37,42
tumor-to-nontumor ratio of

3F8, 110
dosimetry of '"I HMFG1 in,

135, 141
gallium and indium in, 169
transfer of gallium and indium

in pregnancy, 174
elemental composition of, 299
mass in mice, 421
uptake of HMPAO in, 444-

455
uptake of P53 in, 467-478
uptake of MIBI in, 483-493

Lutetium-177,
dose in spheroids, 61, 531-532,
541

M

M195, 482,507,509
Macroaggregated albumin, 46
Macrodosimetry, 532, 585
MAG3, 434,435,439-443,

464-466
Manganese-52m,

S values for thyroid, 281
S values for bladder, 282

Mass fractions), 385, 560-563,
565-567, 571

Maternal thyroid,
concentration of iodide in,

179, 180, 182, 183
Mean absorbed dose. See Dose,

radiation.
Mean colloid radius,

in thyroid, 562
Mean free path, 389
Melanin, 52, 54, 55
Melanoma, 10, 18, 24, 25, 77,

78, 80, 83, 84, 87, 89, 126,
127, 397

Meninges, 402
Mercury-203,

half life of, 153
Metastases, 62, 114, 123,420,

498, 500, 503, 504, 506,
507, 509

MIBG. See Iodine-131 MIBG.
MIBI. See Technetium-99m

MIBI.
Mice,

studies in, 4, 14, 18, 22, 23,
26, 66, 67, 75, 76, 95-99,
104, 106, 108, 113, 123,
124, 126, 127, 130, 131,
134, 136, 144-147, 149,
167, 168, 169, 173-175,
269, 288, 408, 409, 420,
508, 513

organ weights and
extrapolation factors for,
421

Microaggregated albumin, 47
Mxrodosimetry, 27,49,381,

382, 392, 396-397, 414,
515-517,577

Micrometastases, 77, 92, 93,
284

Microspheres, 46
Mineral bone,

elemental composition and
density of, 292

electron deposition in,
293-295

MIRDOSE software, 50, 429,
438, 467, 474, 475

Molybdenum-99,
half life of, 153
decay information for, 160
dose in blood, 250-251

Monkey(s),
studies in, 55, 167-168, 256,

259, 261, 508
localization of indium and

gallium in pregnancy, 174
Monoclonal antibodies. See also

Antibodies,
radiolabeled, irradiation of

bone tissue by, 64
B72.3, 66-74
96.5, 77-93, 127
3F8, 95-111,396-410
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C-215 and C-245, 115-125
HMFG1, 130-141
CO17-1A, 144-148
labeled with ^ R a , 151
labeled with alpha emitters,

165
M195, 482
panel discussion on, 507-518

Monocyte(s), 96
Monte Cailo codes, 245, 275,

276, 284, 334, 336
Multiple scattering, 17, 24, 66,

114, 153,292,314,318,
335, 387, 393, 436, 567,
585

Murine, 24, 67, 95, 111, 115, 396-398
Muscle,

Weighting factors for, 31,43
tumor-to-nontumor radio for

3F8, 110
dosimetry of HMFG1 in, 135,

141
skeletal, elemental

composition of, 299
range of electrons in, 306
dosimetry of HMPAO in, 453
dosimetry of P53 in, 467-478
dosimetry of MIBI in, 483-

496
Myeloscintigraphy, 188
Myocardial imaging, 483-484
Myocardial ischemia, 377, 386
Myocardial perfusion imaging,

467, 478, 483

N

NCRP Report 54, 186
NCRP Report 80, 567
NCRP Report 83, 64
NCRP Report 108, 316
neuroblastoma, 95-110,397,

408,411,412,498,499,
509, 537

Neuroectodermal antigen, 408
Neutron capture, 519-530,574,

576
Neutrons,

radiation weighting factors
for, 30

used for therapy, 520, 574
New Drug Application, 154,

156, 160
NH2-1B4M-DTPA, 147, 148
NH2-BZ-DOTA-3A, 144-148,

164
National Institute of Standards

and Technology, 61,62,

64, 152-157, 159-161
Nitrogen-13,

dose in blood, 250, 251
S values for thyroid, 281
S values for bladder, 282
half life of, 366

Nitrogen-13 ammonia,
compartmental model for,

371-381
cellular dosimetry for, 385-

393,416,417
Nondigestible solids, 231, 241
Nonlinear regression analysis,

399
Nonpenetratmg radiation, 243-

244, 343
Nonpregnant, 50, 167-169, 173,

183, 186
Nonrandom distribution, 590,

591,594-596,599
Nonsphere, 591
Nonuniformity 77, 334, 336,

349, 575, 589-590
Nuclear Regulatory Commission,

154, 161

o

Opacities of lens of eye, 32
Optical density, 80, 87, 88
Ovaries,

contribution to detriment, 37
tumor-to-nontumor ratio for

3F8, 110
LDL in, 266
elemental composition of, 299
as target from bladder, 324
dosimetry of arsenic

compounds, 419-429
dosimetry o f T c MAG3,

T o DTPA, m I OIH,
439-441

dosimetry of T c HMPAO,
453

dosimetry o f T c P 5 3 , 476
dosimetry of T c MIBI, 492-

493
Oxygen-15,

dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282
dose to arm, 417

Pair production, 292
Palladium-109,

decay information for, 160

Pancreas,
Weighting factors for, 31,43
metastases in, 114
radiolabeled arsenic

compounds in, 425-429
age-dependent dosimetry of

T c HMPAO in, 453
dose estimates for T c - P 5 3

in, 476
dose estimates for T c - M I B I

in, 492^93
Paramagnetic center(s), 57-59
Particle track(s), 60,61,152,

156-158, 165, 184, 193,
194, 196,256,267,271,
275, 291-293, 295, 306,
317,321,322,343,
366-368, 382, 387, 388,
415,520,521,524,535,
539, 542, 545, 548, 564,
566, 567, 586, 596

Pediatric studies, 437-439,441,
444, 445

Pelvis, 116, 120, 137
absorbed energy in, 293-295

Peritoneal cavity, 130-133, 137,
138, 141, 162,515,532

Peritoneum, 162, 531
Peroxidation, 4
Pertechnetate. See Technetium-

99m.
PET studies, 366-369, 371-382,

385-393, 396-410, 413, 416-
418,465

Phantoms, 219, 220-227, 324,
353, 355, 398, 438

Phase I studies, 21-22, 130,
412,467,511,514

Phase II studies, 288
Phenothiazine, 420
Phosphate, 78, 96, 114, 145,

257,515
Phosphonate, 59
Phosphorate, 57
Phosphorus-32,

half life of, 153
NIST SRMs for, 156
dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282
absorbed fractions in bone, 294
colloid, in marrow, 515

Photoelectric effect, 292
Photons,

radiation weighting factors

for, 30
point kernels for, 316

Placenta, 167-169, 173-175,
179, 181-182
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Planar imaging, 95, 109, 110,
132, 133, 137, 202, 257,
284, 285, 327, 335, 349,
353, 512

Plasma, 116-119,123-125,182,
206,256,257,261,
268-272, 396-399, 402, 405,
406, 409, 420, 434, 435,
469, 470, 482, 507, 513,
519-522, 525-527, 529, 546

Platelets, 46, 110,269,271
Platinum-195m,

S values for thyroid, 281
S values for bladder, 282

Plutonium-239, 38-39
239PuO2> 589,598

Point kernel model, 193
Point kernel(s) 163,186,193,

297, 300-301, 304, 309-327,
331-333,385,387,393,
414, 531-533, 544, 572, 598

Point source function, 368, 414
Point-pair distribution, 309-327
Positron(s),

ntl, 109, 112, 128
energy deposited in fetal

thyroid, 184
dosimetry of, 366-369
cellular distribution of, 371-

382
cellular level dosimetry of,

385-393, 396-410
for imaging, 414-418
74As, 419

Potassium-42,
S values for thyroid, 281
S values for bladder, 282

Potassium-43,
S values for thyroid, 281
S values for bladder, 282

Potassium iodide, 110
Potassium perchlorate, 110
Pregnancy,

weighting factors in, 50
gallium and indium in, 167-

175
iodide in fetal thyroid, 179-

186, 216-217
Proliferation, 2, 14, 16, 17, 23
Protein,

"Y-COn-lA, 145
for intrathecal administrations,

188
labeled LDL, 257, 259
I24I-3F8, 398

Protons,
radiation weighting factors

for, 30

Quality Factors, 27, 539

R

Radiation repair, 8, 9, 11, 16,
17, 20, 95

Radicals, 1, 2, 4, 5, 58, 59,
585

Radioimmunotberapy (RTF). See
Antibodies, Monoclonal
antibodies, or specific
nuclide.

Radiolabeled antibodies. See
Antibodies and Monoclonal
antibodies.

Radioresistant, 8-10, 14, 15
Radiosensitive, 2, 8-12, 14, 38,

42, 45, 95, 110, 514, 557
Radiosensitivity, 9, 10, 22, 23,

25,29,43,74,75, 111,
417, 444, 575

Radium-223,
half life of, 151
for radioimmunotherapy, 163-

164
Radium-224,

for radioimmunotherapy, 163-
164

Radium-226, 38,39,291
Radius,

of melanoma spheroids, 87
of blood vessels, 244-253
of spheres for scaled point

kernels, 301, 304, 306
of rotation, effect of, 361-362
of myocardial cells, 389
of cell model, 522, 534, 536-

538
of thyroid follicles and

follicular cells, 548-550,
558, 560-564

RADLST computer code, 248,
280

Random distribution, 32, 290,
300,301,315,327,330,
391,522,577-579,589,
591,593-596,599

Range,
for betas and electrons,

calculation of, 194-196
comparison to distance

between large blood vessels,
246

in skeletal muscle, 306
relationship with energy, 401
maximum CSDA of, 549

Rayleigh scattering, 292
Receptor(s), 268, 270-272, 321,

408, 412, 416, 566
Reciprocity Theorem, 313, 314,

317-319
Redistribution, 8-10, 12, 14,

16, 17, 20, 124
Reduction factor, 34,311,312,

314,315,318,319,321,
563, 564

Reference adult(s), 219, 480
Reference Man, 133, 134, 140,

141, 144, 184, 189,219-
220, 223, 226, 227, 229,
240, 249, 274-276, 328,
336, 349, 479, 557, 558,
560, 562, 572

Reference Woman, 184
Regional myocardial blood flow

(RMBF), 77, 109, 130,
284, 352, 363, 371-373,
388,390,391,408,412,
483, 575

Relative biological effectiveness
(RBE), 11, 18,28-31,
33-37, 42-44, 49, 55, 64,
165, 167, 193,205,221,
223,233,234,267,291,
324, 343, 347, 358, 362,
369, 374, 377, 387, 425,
448,450,470,491,503,
506,511,519-522,524-528,
549

Remainder, 29,31,37,38,
42-45, 55, 133, 146, 163,
261,369,422,423,434,
438-440, 454, 467, 486,
508, 513, 547

Remission, 106,107,111,514
Reoxygenation, 9, 10, 16, 17
Repopulation, 8, 9, 12, 14-18,

20
Resolution, 109,341,342,353,

373, 386, 398, 413, 416,
419, 446, 499

Reticuloendothelial system
(RES), 6, 7, 21-24, 63, 96,
111, 126,268-269,288,
411-412

Rhenium-186,
NIST calibration for, 156
decay information for, 160
GI tract study with, 230
doses in spheroids, 541

Rhenium-188,
NIST calibration, 156
liquid scintillation spectra for,

157-159,
decay information for, 160
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in cell clusters > 1 mm, 537
doses in spheroids, 541

Rib, absorbed energy in, 294
RIDIC GI tract model, 229-236,

272
Right circular cylinder, 319
Risk, 1 ,3-6 ,26 ,28 ,29 ,31 ,

33-39, 41-45, 49, 50, 52,
63, 64, 175, 179, 193, 196,
414, 444, 498, 544, 554,
558, 571

Risk assessment, 1, 3, 49
Risk of congenital defects, 179
Red marrow (RM). See Bone

marrow.
Rubidium-82,

decay information for, 160
S values for thyroid, 281
S values for bladder, 282
half life of, 367

Rubidium-82m,
S values for thyroid, 281
S values for bladder, 282

Ruthenium-97,
S values for thyroid, 281
S values for bladder, 282

S values,
for blood, 133, 162, 273
for peritoneal fluid, 133, 162
calculated with EGS4, 274-

288
for bone and marrow, 291
calculated by Monte Carlo

model, 349
for salivary glands, 480

SAAM. See Simulation,
Analysis and Modeling.
Also CONSAM 30.

SAAM-27, 168, 174
Safety, 132,335,557
Salivary glands, 32, 44, 470-

471,474-478,480,481,
487, 494

Samarium-153,
impurity in IS6Ho preparation,

61
NIST calibration for, 156
decay information for, 160
used in GI tract study, 230
effect of, 511
cellular dosimetry of, 531-541

Scaled dose kernels. See Dose
kernels, scaled.

Scalp, 402
Scandium-47,

S values for thyroid, 281
S values for bladder, 282

Scandium-49,
S values for thyroid, 281
S values for bladder, 282

Scattering, 109, 284, 292, 335-
336, 347, 356, 361-362,
510, 535, 564, 565, 567

SEE-values, 195
Segmental absorption rate, in GI

tract, 233
Selenium-75,

committed effective dose
coefficient for, 39

labeled bile acid (SeHCAT),
Effective Dose for, 46

seienomethionine, Effective
Dose for, 46

half life of, 153
labeled C-215, 127
S values for thyroid, 281
S values for bladder, 282

Sigmaplot, 258
Simulation, Analysis and

Modeling (SAAM), 168,
174, 182, 212, 214, 216,
387, 393, 422, 434-438

Single photon emission
computed tomography. See
SPECT.

Silver-Ill, 531, 532, 541
Skeleton,

absorbed fractions for, 195
dosimetry of, 290

Skin, 29,31,35-37,42,54,
68, 115,315-316,453,476,
486-487, 492-494, 494, 574

Skull, 294
Small intestinal transit time,

233
Small intestine

Weighting factors for, 31, 43
dosimetry from "'I-HMFG1,

135
prediction of dose from time-

activity curves, 202-214
mathematical model for, 229

240
lipoprotein in, 263-265, 271,

272
age-dependent dosimetry of

T c HMPAO in, 447, 452-
453, 455

dosimetry of T C - P 5 3 in,
475-476

dosimetry of T c - M I B I in,
487, 491-494

Sodium-22,
S values for thyroid, 281

S values for bladder, 282
Sodium-24,

dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282

Spatial resolution, 109, 373,
386, 413

Specific absorbed fraction(s),
for source in subarachnoid

space, 195
for Indian physiques of

different ages, 220-227
electron-specific for wall

regions, 280
use of build-up for calculation

of, 324
SPECT studies, 109, 128, 132-

133, 137, 155, 202, 215,
334-336, 338, 341-348, 350-
351, 352-356, 361-362, 364-
365, 385-386, 416, 445-446,
503, 510

SPECTDOSE software, 334-351
Spectrometers), 59, 61, 160
Spectrometry, 57, 63, 159, 160
Spillover fraction (SPF),

372-374, 376, 378, 380,
381, 387, 388, 390

Sphere(s),
for calculating energy

deposition, 109, 146, 184-
185,221,284-288,297,
299-301,304,306,317,
522, 532-534, 536-537, 538-
539,548-549,561,563,591

Spheric shell, 534
Spherical configuration, 78,

284-286, 288, 291-292, 297,
300,306,310,314,317,
321-322, 327, 389, 400-401,
475, 480, 522, 532, 534,
544, 546, 550, 558,
560-563,586,591,594

Spherical surface source, 321
Spheroid(s), 77-80, 83-85,

87-90, 92-94, 127, 330,
539-541,576

Spinal cord, 108,110,188-190,
193, 195-196

Spine, 190, 195, 294
Spleen,

Weighting factors for, 31,43
distribution of B72.3 in, 68
tumor-to-nontumor ratio of

mI-3F8in, 110
gamma camera measurements

in, 116, 120
I3II content and dosimetry of,

122-124
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dosimetry of " 'I HMFG1 in,
135, 141

dosimetry of "Y CO 17-1A in,
148

concentration of indium and
gallium in, 169, 173, 174

mathematical model for Indian
physiques, 220-227

LDL, dosimetry of, 266
mass in mice, 421
dosimetry of radiolabeled-

arsenic compounds in,
423-429

age-dependent dosimetry of
" r e HMPAO in, 453

dosimetry of T c P53 in,
476

dosimetry of T c - M I B I in,
487, 491-493

dose from a iTI in, 493
Stability, 128, 144-146, 513,

541, 593
Standard Reference Material

(SRM), 57-62, 152-161
Stem cell(s), 5, 26, 111,288
Sterility, 32, 131
Stochastic effects, 6, 26, 28,

32, 54, 196, 387, 519-520,
524, 539

Stomach,

Weighting factors for, 31, 42,
486

contribution to detriment, 37
distribution of 131I in, 68
tumor-to-nontumor ratio of

I3II-3F8 in, 110
dosimetry of '"I HMFG1 in,

135, 141
concentrations of indium and

gallium in, 169, 175
mathematical model for,

229-240
age-dependent dosimetry of

T c HMPAO in, 453
dosimetry of T c - P 5 3 in,

476
dosimetry of T c MDBI in,

492, 493
Stroma, 322, 558-563, 566
Strontium-85

half life of, 153
Strontium-89,

SRM for, 156
Strontium-90,

committed effective dose
coefficients for, 39

dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282

absorbed fractions in bone,
294

Subarachnoid space, 188-190,
193-196

Subcutaneous administration,
14,97, 111, 131-132, 135,
416

Sublethal, 8, 9, 15, 25
Sulfur-35,

S values for thyroid, 281
S values for bladder, 282

Sulfur colloid, for study of GI
transit, 230

Surface source(s), 291, 314-
315,321

SW 948, xenograft, 144-147

T3, in fetus, 181
T4, in fetus, 181
Technetium-99m,

committed effective dose
coefficients, 39

albumin (HSA), Effective
Dose and Effective Dose
Equivalent for, 46

large colloids, Effective Dose
and Effective Dose
Equivalent for, 46

small colloids, Effective Dose
and Effective Dose
Equivalent for, 46

DMSA, Effective Dose and
Effective Dose Equivalent
for, 46

DTPA, Effective Dose and
Effective Dose Equivalent
for, 46

gluconate, glucoheptonate,
Effective Dose and Effective
Dose Equivalent for, 46

HMPAO, Effective Dose and
Effective Dose Equivalent
for, 46

pertechnetate, Effective Dose
and Effective Dose
Equivalent for, 46

EDA derivatives, Effective
Dose and Effective Dose
Equivalent for, 46

erythrocytes, Effective Dose
and Effective Dose
Equivalent for, 46

phosphates and phosphonates,
Effective Dose and Effective
Dose Equivalent for, 46

MAG3, Effective Dose and

Effective Dose Equivalent
for, 46

macroaggregated albumin,
Effective Dose and Effective
Dose Equivalent for, 46

albumin microspheres,
Effective Dose and Effective
Dose Equivalent for, 46

platelets (thrombocytes),
Effective Dose and Effective
Dose Equivalent for, 46

white blood cells (leukocytes),
Effective Dose and Effective
Dose Equivalent for, 46

half life of, 153
dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282
MDP, tumor uptake of, 502
absorbed dose rates in thyroid

follicular cells, 568
S values for thyroid to

thyroid, 569
Technetium-99m DTPA,

dose estimate for, 440
Technetium-99m HMPAO,

kinetic data for, 212
dosimetry of, 444-455

Technetium-99m-LDL,
dosimetry and biodistribution

of 256-261,263-267
Technetium-99m MAG3,

age-dependent residence times,
439

dose estimates for, 440-441
Technetium-99m MIBI,

dosimetry of, 483-496
fractional uptake of, 487, 491
biological half time, 491

Technetium-99m-P53,
dosimetry of, 467-478
residence times, 475

Technetium-99m sulfur colloid,
GI tract transit study with,

230, 237-238
Tellurium-124, for producing

iodine-124, 128
Terbium-160,

half life of, 61
Testes,

in determining weighting
factors, 53-56

dosimetry of 13II HMFG1 in,
135, 141

dosimetry of labeled LDL in,
266

absorbed fractions for bladder
contents as source, 327

dosimetry for radiolabeled
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arsenic compounds,
425-429

dose estimates for T c
MAG3, 440-441

dose estimates for T c
HMPAO, 453

dose estimates for T c - P 5 3 ,
476

fractional uptake of MIBI, 487
biological parameters and dose

estimates for T c MIBI,
491-493

Thallium-200,
dose in blood, 250-251

Thallium-201,
half life of, 153
Standard Reference Materials

(SRM) for, 155
decay information for, 160
Effective Dose and Effective

Dose Equivalent for, 47,
495-496

dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282

Thallium-202,
dose in blood, 250-251

Thennoluminescent dosimetry,
10, 67-69, 73, 414, 514,
587

Threshold, 27, 32, 106, 246,
336, 338, 342, 344-347

Thymus,
Weighting factors for, 31, 43
for approximating dose to

esophagus, 38, 45
dose estimates for "°Tc

HMPAO, 453
dose estimates for T c - P 5 3 ,

476
dose estimates for ""Tc MIBI,

492-493
Thyroid,

Weighting factors for, 31, 42-
43, 45, 486

contribution to detriment,
36-38

biodistribution of B72.3 in, 68
reduction of uptake of released

radioiodide, 127
dosimetry of 13II HMFG1,

!35, 141
fetal, dosimetry of radioiodine

isotopes in, 179-185,215-218
S values for, 281
dose to follicular cells,

322-325
dose estimates for T c

HMPAO in, 453

retention of and radiation dose
from T c - P 5 3 in, 471,
475-476, 478

radiation dose from ""Tc in
salivary glands, 480

fraction uptake and biological
parameters of MIBI, 487,
491

dose estimates for T c MIBI
in, 492-493

beta dosimetry in, 544-554,
557-571,574-575

Thyrotoxicosis, 215
Tin-113,

half life of, 153
Tooth enamel, as a dosimeter,

64
Total body,

content of "'] in, 121
dose estimates for I2'I- and

mI-iabeled C-215 and C-
245, 123

d«,se estimates for '"I HMFG1
in, 135, 141

dose estimates for ""Y-COn-
1A in, 148

dose estimates for radiolabeled
LDL in, 266

dose estimates for radiolabeled
arsenic compounds in,
425-430

age-dependent dose estimates
for T c MAG3 in, 441

age-dependent dose estimates
for T c HMPAO in,
453-455,

retention and residence times
o f T c - P 5 3 in, 470-471,
475

dose estimates for T c - P 5 3
in, 476

retention of I3'I MIBG in,
503-504

Trabecular bone (TB), 290,
293

Trachea, 368, 414
Transferrin, 1, 175
Transplant patients, 466
Transplantation 14, 508, 509
Transverse colon,

mathematical model for GI
tract transit in, 232, 234,
240

Tritium. See Hydrogen-3.
Tumor response, 20,95, 101,

105, 110
Tumor Volume Index, 68-72
Tyramine cellobiose (TyC), 127,

256-261, 263, 265-267, 270-

271

U

UNSCEAR, 33,35,42,47
Upper large intestine (IJLI),

Weighting factors for, 31, 43
radiation doses determined

from time-activity curves,
202-214

mathematical model for, 229-
240

metabolic constants for LDL
in, 265

dose estimates for radiolabeled
LDL in, 266

absorbed fractions for, 278
age-dependent cumulated

activities and dose estimates
for ""Tc HMPAO in, 452-
453

residence times and dose
estimates for T c - P 5 3 in,
475, 478

uptake and biological
parameters of MIBI in, 487,
491

dose estimates for T c MIBI
in, 492-493

Urinary bladder,
Weighting factors, 31
absorbed fractions for contents

as source, 324
residence times for

radiolabeled arsenic
compounds in, 424

age-dependent cumulated
activities for T c HMPAO
in, 452

residence times and dosimetry
for T c - P 5 3 in, 475, 477-
479

Urinary bladder tumors, 414
Urinary bladder wall,

dosimetry for radiolabeled
LDL, 266

absorbed fractions for
electrons, 279

S values for, 282
age-dependent absorbed

fractions for, 326
absorbed dose from positrons

and electrons, 414
dose estimates for radiolabeled

arsenic compounds, 425-431
age-dependent doses for T c

MAG3, ""Tc DTPA, and
'"I OIH in, 440-14i
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age-dependent dose estimates
for T c HMPAO in, 453

dose estimates for T c - P 5 3
in, 476

dosimetry for T c MIBI in,
492-493

Urinary excretion,
of LDL, 259-260
of HMPAO, 447, 450-451

Uterus,
Weighting factors, 31, 43
tumor-to-nontumor ratio of

mI-3F8, 110
indium and gallium

concentration in pregnancy,
173-175

dosimetry of radiolabeied
arsanic compounds in, 425-
429

age-dependent dosimetry of
T c MAG3, ""Tc DTPA,
and m I OIH in, 440-441

age-dependent dosimetry of
T c HMPAO in, 453

dose estimates for T c - P 5 3
in, 476

dose estimates for ""Tc MIBI
in, 492-493

Effective Dose Equivalent.
Whole body. See Total body.
WiDr cell line,

radiosensitivity and survival
of, 8, 10-16, 18, 19,25

X

X rays,
effect on cells, 4-5
absorption by autoradiographic

material, 87
compared to

radioimmunotherapy with
"'I , 557-571,575

Xenograft(s), 66, 67, 95, 96,
99, 104, 109-111, 130, 131,
134, 397, 408

Xenon-127,
dose in blood, 250-251
S values for thyroid, 281
S values for bladder, 282

Xenon-133,
gas, Effective Dose for, 47
half life of, 153
dose in blood, 249-251,253

Xenon-133m,
dose in blood, 250-251

ZCE025, "Y-labeled, !0, 14, 18
Zero-order kinetics, 238
ZME018, ""Y-Iabeled, 10, 14,

18

Vein(s),
parameters for, 243-252

Venae Cavae,
parameters for, 245, 252

Venules,
parameters for, 244, 245

Very low density lipoproteins
(VLDL), 32, 256, 267,
270, 485, 507, 566, 569,
571

Volume doubling time, 68, 74
Volume quadrupling time, 68
Volunteers, 52, 164, 377, 434,

435,441,454,467,468,
477

w

Water,
tritiated, Effective Dose for,

46
range of electrons in, 195
scaled dose kernels in, 304
energy deposition in, 521
stopping power in, 535-536

Weighting factor(s). See
Effective Dose and

Ytterbium-169,
half life of, 153
decay information for, 160
200

Yttrium-87,
S values for thyroid, 281
S values for bladder, 282

Yttrium-90,
efficacy of radioimmuno-

therapy with, 8, 10-12, 14,
17-18

EPR spectroscopy of, 64
CO 17-1 A, dosimetry of, 144-

145, 148-150
NIST calibration of, 156
dose in blood, 250-252
S values for thyroid, 281
S values for bladder, 282
dose estimates for bone

marrow, 284-288
absorbed fractions in bone,

294-295
dose in spheroids, 531-532,

536-537, 539, 541
Yttrium-90-antiferritin, 289
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