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Inhomogeneities in activity distributions over distances from 10 to 10* um are observed in many
tumors treated with radiolabeled antibodies. Resulting nonuniformities in absorbed dose may
have consequences for the efficacy of radioimmunotherapy. Activity variations may be directly
studied with quantitative autoradiography (ARG). Converting these data to absorbed dose
distributions requires additional information about pharmacokinetics, the use of a point source
function and consideration of the complete three-dimensional activity distribution, as obtained
from sequential autoradiographic slices. Thermoluminescent dosimetry with specially prepared
CaSO,:Dy dosimeters implanted into tissue can directly measure absorbed dose in selected
regions. The conditions under which thermoluminescent dosimeters (TLD) are used differ
markedly from “normal” use conditions in external beam radiotherapy. Therefore special cali-
bration and quality assurance precautions are needed to assure the precision of this technique.
Procedures and pitfalls in the use of both techniques in radioimmunotherapy are described.

I. INTRODUCTION

A major concern of external beam radiotherapy is the de-
sign of beam configurations which produce a uniform dose
distribution over the tumor volume. In radioimmunother-
apy, (RIT) as with other radiopharmaceutical therapies,
the activity distribution is determined by biological factors
with large associated uncertainty. Nonuniform distribu-
tions of activity and of absorbed dose may result.

The technique of autoradiography (ARG) is well
known.! For over a decade ARG has been used to demon-
strate activity heterogeneity on the multicellular size scale
(10-10* um) for conventional radiopharmaceuticals®*
and more recently for radiolabeled antibodies.>’ The film
density may be calibrated with standard activity samples,
leading to quantitative measurements of activity of distri-
butions with submillimeter spatial resolution in the plane
of the tissue section.

Calculations of absorbed dose distributions for idealized
activity distributions of beta particle emitters demonstrate
that when the absorbed dose is delivered primarily by par-
ticulate radiation of short range, heterogeneous activity
distributions will lead to doses which are nonuniform on
approximately the same distance scale.®!! Autoradiogra-
phy frequently reveals irregular activity distributions in
tumors. In such situations, calculations based upon geo-
metrically simple shapes are of limited utility. Quantitative
ARG can provide the spatial activity distribution needed
to calculate instantaneous dose rate distributions. But this
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technique cannot yield total absorbed dose distributions
without further assumptions. This is because absorbed dose
distributions are as much determined by pharmacokinetics
of antibody uptake and clearance as by the geometric dis-
tribution of activity. Autoradiography, however, shows
only a “freeze frame” of the activity distribution at the
time the tumor was resected and frozen.

Direct in vivo measurements of cumulative doses to tis-
sues during RIT can be made using thermoluminescent
dosimeter(s) (TLD). This technique is well established in
medical and health physics.'>!> TLD materials used for
RIT beta dosimetry must meet some special criteria. The
physical size of the dosimeter should be small compared to
the average beta range (e.g., 0.4 mm for I-131) in order
that the dosimeter not perturb the dose distribution in its
vicinity. Small size is also necessary to assure good spatial
resolution and to avoid disruption of the tissues into which
they are implanted. The light output per unit absorbed
dose must be large enough to produce a useful signal de-
spite the small volume of material. Additionally, since the
absorbed dose is delivered by a spectrum of beta particles,
it is necessary to choose a material whose thermolumines-
cent response is insensitive to beta energy for the radionu-
clide of interest. Using TLD that meet these criteria, large
variations in absorbed dose in association with autoradio-
graphs which show strong activity heterogeneity have been
directly measured.’

ARG and thermoluminescent dosimetry are comple-
mentary techniques. ARG provides a wealth of “geo-
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FIG. 1. Section autoradiographs from subcutaneous xenografts in athymic
nude mice taken one day post injection with I-131 labeled monoclonal
antibody. (a) LS174T human colon cancer with 300 uCi 17-1A mono-
clonal antibody; (b) Raji human Burkitt lymphoma xenograft with 100
pCi anti-B-1 pan-B-cell monoclonal antibody.

graphic” data relating to the activity distribution at a sin-
gle instant of time. To proceed from a set of
autoradiographs to a dose distribution requires a pharma-
cokinetic model as well as an algorithm for adding the
contributions to the dose at a chosen point from all the
activity within range of that point. More than one tissue
slice must be considered even if the dose distribution in
only one slice is desired. The TLD crystal is an integrating
dosimeter. It performs the necessary spatial and temporal
integrations, but only within the very limited volume that
it occupies. Methods and questions relating to both these
techniques, as well as possible fruitful ways to combine
them are discussed in the following sections.

Il. AUTORADIOGRAPHY

Autoradiography (ARG) is a unique method for the
graphical display of activity heterogeneity on the multicel-
lular size scale of particular interest in RIT with medium
to high energy beta particles. Although detectors other
than film are being investigated,'*!” the discussion below is
limited to film ARG.

Typically, the tissue sample of interest is frozen in liquid
nitrogen and divided into sections of known thickness with
a microtome. The frozen sections are mounted, air dried
and then either placed in contact with the emulsion side of
the film or separated from it by a thin cover or dipped into
emulsion so that the specimen is covered with a thin emul-
sion layer. Exposure times must be chosen to avoid either
underexposing or saturating the film and thus will depend
on the sample activity, the radionuclide and the film used.
Times from 1 h to approximately a week have been used.
Example autoradiographs are shown in Fig. 1.

Although homogenous activity distributions are seen in
many tissue samples, they are not universally observed.
Numerous workers have reported heterogeneous uptake of
radiolabeled antibody in tumors.>”!®!7 Some patterns of
uptake commonly seen include concentration of activity
near the periphery of the tumor and near tumor vascula-
ture.
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To use ARG to quantitate activity distributions, it is
necessary to choose film that will be sensitive to beta par-
ticles of medium to high energy. Intensifying screens will
degrade resolution and may cause reciprocity failure' but
may be necessary with some films. They were not used in
Refs. 7 and 16 (LKB “Ultrofilm”) but were used in Ref.
17 (X-OMAT XTL-2). The exposure time for each auto-
radiograph should be recorded.

Conversion of optical density to activity requires cali-
bration of the film using gel wafers of known thickness and
known uniform activity. The calibration curve depends on
radionuclide, section thickness, exposure conditions, film
development conditions, and (if reciprocity failure is
present) exposure rate. An independent calibration check
should be performed for each group of autoradiographs.
The calibration gels are left in contact with film for known
times under the same exposure conditions as used for the
tissue samples. Development conditions should be the
same for calibration and autoradiographic films. A calibra-
tion curve of optical density as a function of cumulated
specific activity of the gel is thus generated. The curve can
be used to find the average cumulated specific activity for a
small volume of interest of the autoradiographic tissue
sample. If the calibration gels and the tissue slices are of
different thickness, a correction factor should be applied.’
The correction factor may be measured using gel samples
of different thicknesses. Since the autoradiograph exposure
time is known and physical decay of the radionuclide is the
only process causing activity changes during autoradiogra-
phy, the specific activity at the beginning of autoradiogra-
phy can be determined.

With an optical density scan of the film, a map of the
specific activity distribution over a grid of voxels can be
generated. The densitometer readout resolution (spot size)
should be small to help minimize the change in optical
density over the aperture. Because the optical density var-
ies with the logarithm of the light transmittance, the den-
sitometer reading will not reflect the average optical den-
sity if there is a large gradient over the spot size diameter.'®
Automated approaches to grain density determination
techniques with higher spatial resolution are being
explored.’® The volume of a voxel is determined by the
readout grid spacing and the slice thickness. The two-
dimensional section images are stacked to yield a three-
dimensional activity density matrix and can also be used to
form a surface description.

Video digitization or laser densitometry techniques are
useful in dealing in a quantitative fashion with the abun-
dant data provided by ARG. For example, with 100-um
resolution of the densitometer and 50-um-thick adjacent
tissue slices, a set of autoradiographs of a 5X5X5 mm
tumor provides information on the specific activity in
2.5 10° voxels.

The specific activity distribution can be used to calculate
a three dimensional absorbed dose rate distribution. An
example is shown in Fig. 2. Using the activity per voxel to
calculate dose rate distributions is computationally inten-
sive. The dose rate at a point is the sum of contributions
from all the voxels lying within the maximum beta range.
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3-D VIEW:: COLON: DAY 1

3-D VIEW: LYFPHOMA DAY 1

Fi1G. 2. Three-dimensional dose rate distributions for tumor xenografts
from Fig. 1. The color scale is black, dark blue, light blue, pink, light
green, dark green, light peach, dark peach, dark red, red, orange in equal
ascending dose-rate intervals. Higher dose rate regions cycle back to
black, dark blue, etc. (a) LS174T human colon cancer with 17-1A mon-
oclonal antibody, dose-rate interval 2.5 ¢cGy/h, mean dose rate 7.6 cGy/h;
(b) Raji human Burkitt lymphoma xenograft with anti-B-1 pan-B-cell
monoclonal antibody, dose-rate interval 0.4 ¢Gy/h, mean dose rate 2.4
c¢Gy/h.

This includes voxels both in and out of the autoradio-
graphic slice containing the point of interest. A suitable
point source function must be used to provide the distance
dependence appropriate to the radionuclide.>* %> Roberson
et al.'"’ adapted brachytherapy software to perform this
task. A ““voxel dose rate distribution” per unit activity was
generated using up to 500 equally spaced point sources
distributed over a voxel and the dose point kernel of Ref.
21. This voxel dose rate calculation was carried out beyond
the range of the beta particles. Each of 5000 to 8000 voxel
positions (0.5-mm voxel spacing for I-131) were assigned
the voxel dose rate distribution, weighted by the specific
activity in that voxel. The source distributions were then
summed in three dimensions. The calculation time invest-
ment (100-200 h on a VAX 8800) limited the number of
source positions which could be used. Based on the mean
beta range, the optimal voxel size for 1-131 is approxi-
mately 100 pm, which increases the number of source
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points by a factor of 125. To reduce the calculation time,
Fourier transforms could be used.’

In general, activity distributions which vary over dis-
tances comparable to the beta particle range will produce
dose-rate distributions which vary strongly over the same
length scale. Smaller scale (less than beta range) activity
heterogeneities will produce less dramatic dose rate varia-
tions, since the dose at a point is delivered by beta particles
from both “hot” and “cold” portions of the tissue.” !¢
Thus computational effort to produce three-dimensional
dose or dose rate distributions depends on the range of the
beta particles and the tumor size.

Conversion of the activity distributions obtained by
ARG to the cumulative absorbed dose distribution pro-
duced during the administration of RIT—that is, during
the time that the tissue was in a living host—is not
straightforward. The dose distribution depends on the in-
dividualized pharmacokinetics of the radiolabeled antibody
in vivo. The autoradiograph provides only a ““freeze frame”
view of the activity distribution at the time of tumor resec-
tion. At best ARG gives indirect information about the
time dependence of the biological processes of uptake and
clearance of the antibody during the RIT.

To provide the necessary missing kinetic information, it
might be possible to model the pharmacokinetics. Diffu-
sion model equations have been applied to dosimetry cal-
culations for multicellular spheroids®® and simulated tu-
mor nodules.?® It may be possible to extend such models to
tumors in vivo to provide kinetic input to cumulated dose
distribution calculations.

In an alternative approach many groups have measured
average specific activity as a function of time for tumors
and various organs by noninvasive imaging techniques in
humans and by serial sacrifice in small animal models for a
variety of antibody carrier/radionuclide combinations.®” "
Assumptions must then be made as to how small scale
heterogeneities vary with time (e.g., do **hot” and *cold”
regions remain in the same ratio to the average throughout
RIT?). The resulting time dependence must be combined
with the radionuclide’s physical decay to obtain a model
cumulated activity distribution based on the autoradio-
graphic information. While several groups have discussed
such a program, it has not yet been carried out. Griffith,
et al.” used purely physical decay to generate dose distri-
butions from autoradiographs. Recently Roberson,
et al.'"** generated three-dimensional dose rate distribu-
tions characteristic of discrete times of sacrifice and rec-
ommended sampling the dose rate distributions at a mini-
mum of four to six time points.”* For tumors which were
approximately matched in size, the variability in dose per
volume element was observed to be small compared to the
variability at different time points. Thus it might be possi-
ble to sum dose rate calculations from different tumors,
resected at different time points, by identifying areas of
similar composition (e.g., similar vascularization and/or
proximity to the periphery). Further work is needed to
develop and validate models of antibody carrier pharma-
cokinetics on the multicellular size scale in order to reli-
ably translate the activity distributions visualized with
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quantitative autoradiography into absorbed dose distribu-
tions.

Ill. THERMOLUMINESCENT DOSIMETRY

Studies done with thermoluminescent dosimetry give in-
formation which is complementary to that provided by
ARG. TLD materials are crystalline solids in which ion-
izing radiation can excite electrons into metastable trapped
states. The number of such electrons is proportional to the
absorbed dose received. The electrons can be released from
these states by heating. Thereupon they recombine with
holes, giving off excess energy in the form of thermolumi-
nescent photons, which can be counted with a photoelec-
tric tube. The light output is proportional to the absorbed
dose received by the TLD but also depends on material
properties, irradiation conditions, heating conditions, and
the electronics of the TLD reader. Therefore, if thermolu-
minescent dosimeters are to be used for absorbed dose
measurements, they must be calibrated.

Appropriately calibrated TLD implanted directly into
tissue yields the total dose absorbed by the TLD material
during its time in situ. The TLD automatically integrates
over the spatial and temporal distribution of all the activity
within the beta particle range of its location (and, of
course, also accounts for the absorbed dose contributed by
penetrating radiation from distant sites). However, the
dose in only a small volume is recorded, as opposed to the
global activity distribution information provided by ARG.

The conditions under which TLD are used in RIT do-
simetry differ markedly from those in health physics or
radiation therapy. This leads to special requirements in the
fabrication and calibration of the dosimeters. As noted in
the Introduction, the TLD must be of small cross section
compared to the beta particle range. Wessels and co-
workers found that CaSO,:Dy met the dual requirements
of high sensitivity (light output gm_1 ¢Gy~!) and weak
energy dependence for I-131 and higher energy beta
emitters.>! They and others”?732-3% have fabricated TLDs
of dimensions 0.2X0.4X5 mm or less, implanted them
into animals or tumor model systems receiving RIT and
performed in vivo absorbed dose measurements. Tech-
niques of fabrication, quality assurance, calibration and in
vivo use of these TLDs were developed by Wessels and
Griffith.”*! Similar procedures have been adopted at ap-
proximately 15 institutions including those involved in
Refs. 32-39. In the following discussion, CaSO,:Dy dosim-
eters are emphasized because of their extensive application
in RIT dosimetry.

The starting materials are 400-um-thick 1.2-cm-
diameter CaSO4:Dy impregnated teflon disks (Teledyne,
Inc.). The disks are imbedded in a 2 X2 cm paraffin block
and sliced with a well-sharpened tissue section microtome
to a thickness of 200 gm and a length of 500 um, yielding
dosimeters of final dimensions 0.2 X 0.4 X 5 mm. These do-
simeters conveniently fit inside a 20-gauge needle. Each
dosimeter is measured (by micrometer) to insure geomet-
ric batch uniformity ( £3%). For initial studies’! the do-
simeters were also weighed using a microgram balance.
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After being cut, the excess paraffin is removed and the
TLD are annealed. External beam calibration may be per-
formed using a calibrated low megavoltage (4 MV or Co-
60) beam with full buildup. The dosimeters are then read
in a commercial TLD reader under dry nitrogen. Different
groups have used slightly different heat cycle settings (e.g.,
Ref. 7 uses a 5-s preheat at 115° followed by glow peak
integration over 50 s from 115 °C to 275 °C with tempera-
ture ramping at 3.6 °C/s). Batches of “mini-TLD” with
response uniformity better than =+10% are readily ob-
tained.

Linearity of light output (LO) versus dose should be
measured with external beam over the entire range of ab-
sorbed doses expected in RIT (5 to 5000 cGy). Deviation
of a log-log plot of LO versus absorbed dose from a 45° line
indicates supralinearity or saturation. Supralinearity has
been reported above 500 cGy by some workers*¢* but not
seen up to 1000 cGy by others.? This effect may depend on
the batch of material or on preparation techniques. Supra-
linearity can be appreciable. Demidecki and co-workers
have seen an increase by a factor of 1.7 of the LO per cGy
or calibration factor as absorbed dose is increased from 50
to 3000 cGy.***! Therefore it is essential to use a measured
dose-response curve and not to assume that the calibration
factor is independent of dose.

External beam exposures are of short (minutes) dura-
tion, after which the TLD material is stored in air at room
temperature and usually read out within 1-2 days. In RIT
applications, the TLD is imbedded in tissue at mammalian
body temperature and physiological pH. The tissue con-
tains an activity distribution of beta-emitting radionuclide,
exposing the TLD to low dose rate (approximately 10
cGy/hr) beta and gamma radiation for times ranging from
a few days to two weeks. Upon removal, the TLD must be
cleaned of residual tissue before being read. The TLD is a
relative dosimeter; absorbed dose in an investigational sit-
uation is determined by the ratio of the LO to the output
from a similar (or the same) TLD given a known dose.
Additional calibration should therefore be performed un-
der conditions which closely resemble the conditions of
actual use, as the calibration factor may well depend on
these conditions.

For this purpose the TLD are cross calibrated with uni-
form activity distributions of the radionuclide of interest.
The dosimeters are immersed for times ranging from min-
utes to 2 weeks in gels (e.g., Knox Gelatin) prepared with
known uniform activity. After removal from the gel, each
dosimeter must be thoroughly washed and then read on the
TLD reader. The calibration medium is large compared to
the beta range so the absorbed dose to the medium can be
calculated via the beta particle equilibrium dose constant
and an absorbed fraction of one. If the TLD are to be used
under conditions where the penetrating radiation dose is
expected to be important, calibration in a larger phantom
or with an added external x-ray irradiation might be ad-
visable to obtain a combined calibration factor.

The radionuclide calibration factor may well be differ-
ent from the standard external x-ray beam factor. Refer-
ence 31 reports the same (+5%) factor for 4 MYV as for
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I-131, Y-90 and P-32 gels. However, in later work from the
same laboratory, I-131 calibration factors as low as 60% of
the 4-MV factor were measured and a calibration factor of
approximately 70% was measured for a smaller (0.1<0.14
% 2.5 mm) set of TLD.?® Heidorn observed a similar (ap-
proximately 40%) discrepancy between Co-60 and I-131.%
Stewart et al.*} saw similar differences between 4-Mev elec-
trons and I-131 solutions using 6X 1 X 1 mm Lif rods while
Y-90 solution data coincided with 4-Mev electrons.

There are at least three reasons for expecting a differ-
ence in calibration factor between external megavoltage
x-rays and beta particle irradiation in solution or gel.

(1) The LO of the TLD may have intrinsic energy de-
pendence. This may be checked using external irradiation
at different nominal electron beam energies or with beta
sources. At least part of this effect is due to the thickness of
the TLD relative to the beta particle range in TLD
material.* Demidecki, et al. find that for Y-90, the energy
dependence is within 10% for mini-TLD.*

(2) In radioactive gel or solution, the finite size of the
TLD excludes radioactive material from points within its
volume. Demidecki, et al. have called this the “void vol-
ume” effect.”*! The absence of radioactivity reduces the
absorbed dose to the TLD. Demidecki et al. have per-
formed calculations of this effect for Y-90 and I-131. The
dose reduction depends on the TLD density as well as its
size (i.e., on the beta particle range versus TLD size).
Calculations*! indicate that especially for I-131, the pre-
dicted decrease in calibration factor relative to 4-MV
x-rays is substantial.

(3) The LO of the TLD also varies with time in the
medium. When the TLD are irradiated with external beam
and stored in air at room temperature, they show less than
5% fading per month. However, for irradiation in medium
over days to weeks, the fading properties depend upon the
medium (e.g., temperature and pH) as well as the time in
the medium and the total dose. The surface to volume ratio
of the TLD material probably plays a role; the effect may
also depend on the batch of material purchased from the
vendor.

Experiments performed by Wessels and co-workers
from 1984 to 1988 with one group of TLD material showed
no fading for TLD irradiated in aqueous media®' at room
temperature. However, experiments with newer material
by Demidecki and collaborators,*! and Svenberg* show
fading by a factor of up to 50% in 20 days for mini-TLD
irradiated in Y-90 gel for 20 days. The effect is larger for
geometries with a larger surface to volume ratio. For a
6-mm diameter, 20-um-thick CaSO,:Dy disk, Demidecki
et al 404 report an approximately exponential decrease in
LO with time by a factor of five over 20 days in cell me-
dium and by a factor of 10 for the same time in gel. This
fading appears to be irreversible. After the TLD has been
cleaned, read, and annealed it does not regain its initial
sensitivity.

Since it is not presently possible to theoretically account
for these effects, it is necessary to calibrate the dosimeters
for in vivo RIT dosimetry using conditions as close as pos-
sible to those under which they are used. This will mini-
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mize the impact of pH, temperature and the “void volume”
effect and will help account for possible interplay between
supralinearity and fading.

The mini-TLD can be implanted into animal models
undergoing RIT and left in place for days to several weeks.
They can also be implanted into animals receiving external
beam (e.g., 4 MV) irradiation to a known dose as a check
on the effect of biological conditions on the thermolumi-
nescent response. A recent study reports fading under
these circumstances.*® Mini-TLD have also been exten-
sively checked for signs of degradation due to biological
conditions.” None were seen. Before reading a TLD which
has been implanted in tissue it is important that it be care-
fully cleaned and dried.

In RIT, the mini-TLD yield an average (over the length
of the dosimeter) dose to the nearby surrounding tissue.
Agreement with average doses calculated from organ or
tumor-average cumulated activities obtained by serial sac-
rifice of similarly treated animal models is generally
good.?”** These calculations have incorporated bound-
ary corrections as necessary for organs or tumors which
are small compared to the beta particle range. Activity
heterogeneity within the tissue is not included. In this
work, possible fading due to time in aqueous medium, pH,
temperature and “void volume” effects have been corrected
for, at least in part, by appropriate calibration.

The mini-TLD have good spatial resolution for dose
gradients along their thin (0.2 and 0.4 mm) dimensions.
However the LO depends on the summed dose along the
long (5 mm) axis. Steep dose gradients were measured in
cylindrical phantoms containing I-131, Y-90, and P-32.%!
The spatial resolution along the 5-mm axis can be ex-
tracted by slicing the dosimeter. This is the technique
which was applied in conjunction with autoradiography.’
The tissue sample containing the TLD was quickly frozen
in liquid nitrogen. The frozen tissue was then microtomed
into sections (e.g., 2050 um) appropriate for autoradiog-
raphy, with the slices being approximately perpendicular
to the long TLD axis. The resulting micro-TLD chips were
removed, cleaned, air dried, and read in the same reader
and with the same heat cycle as is used for the mini-TLD.

The uniformity of response of the micro-TLD was in-
vestigated by Wessels and Griffith®' and by Heidorn et al. %’
and by Langmuir ez a/..* Mini-TLD were exposed to cal-
ibrated external beams under standard conditions. The do-
simeters were then imbedded in suitable solid medium and
microtomed as described above. Micro-TLD were selected
at random from these samples and read. A standard devi-
ation of 10% was observed in Ref. 31 while a standard
deviation ranging from 22% to 32% was reported in the
study Ref. 47, and a standard deviation of 29% (for 50-um
sections) and 50% for 30-um sections was reported in Ref.
39. The reason for the very different dispersions measured
by different investigators is not, at present, understood but
may be related to differences in TLD grain size. Heidorn*’
using a dissection microscope at 50X magnification, ob-
served differences in grain size distribution between micro-
TLD batches. Some micro-TLD contained large CaSO,:Dy
crystals, some had large voids due to crystals pulled from
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the Teflon matrix by the microtome knife and some had a
uniform distribution of small crystals. In general, slice
thickness must be carefully regulated to improve light out-
put uniformity.

There is no predictive index to determine the uniformity
of response of a group of micro-TLD. However precision
can be optimized by individually calibrating each micro-
TLD as described by Heidorn, et al¥ Through use of in-
dividual calibration factors, standard deviations of 12%
were achieved in measurement of a known external beam
dose gradient.

IV. COMBINATION OF TECHNIQUES

When absorbed doses measured with micro-TLD ex-
tracted from autoradiographs were considered in the con-
text of the optical density in the region from which the
TLD had been removed, qualitative agreement was ob-
served between high absorbed dose and high optical den-
sity for tumors’>* and spheroids.39 Good agreement was
found between micro-TLD measurements and calculated
dose gradients in a spheroid model®® where physical decay
of I-131 provided the only time dependence. While such
agreement is self evident in situations where physical decay
provides the only time dependence, it is not assured in
tumors with more complex pharmacokinetics. Addition-
ally, the micro-TLD provide the magnitude of the ab-
sorbed dose. The combined use of ARG and thermolumi-
nescent dosimetry demonstrated quantitatively that large
absorbed dose gradients can be found in tumors treated
with RIT. In one sample’ a 200% dose variation was mea-
sured within a single slice and a 400% variation was ob-
served between slices which were only 500 um apart.

Since the micro-TLD integrate absorbed dose over time,
no biokinetic model is needed to calculate the dose at the
site of the TLD. Wessels ez al.*® have suggested that the
micro-TLD be used to calibrate the optical density of the
autoradiographs. That is, rather than associate optical den-
sity with specific activity, one could make a direct relation-
ship between OD and absorbed dose via the micro-TLD.
Ideally, there should be several micro-TLD at sites in a
slice with different OD’s allowing an individualized cali-
bration curve (OD versus dose measured by the TLD) to
be generated for a particular tissue sample. Since the TLD
integrates over the spatial as well as the temporal activity
distribution, there is also no need to use a point source
function or to correlate the activity distribution in different
slices. Instead, the OD would be translated directly to ab-
sorbed dose through the calibration curve. The accuracy of
this technique (which estimates the absorbed dose via in-
terpolation between micro-TLD readings at two or three
points per slice) versus the pharmacokinetic modeling ap-
proach discussed previously requires further investigation.
The use of electronic probes such as MOSFET detectors®
may be helpful in providing in vivo measurements of dose
versus time at a few locations in tissue.

Theoretically, both approaches have potential draw-
backs and possible advantages. Autoradiography, by defi-
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nition, is a destructive process in relation to unique tumor
architecture. Modeling approaches used to correct autora-
diographic information for time varying concentrations are
constrained to use average bulk tumor biodistribution data
or repetitive activity distribution phenomena (e.g., time-
varying but predictable tumor rim enhancement) to cor-
rect for antibody pharmacokinetics and gross tumor heter-
ogeneity. The combination TLD/ARG methods do
include a directly measured time integration factor in the
absorbed dose along with a dose distribution which is
based on ARG. However, some uncertainty is entered into
this method by assuming that the “local” assignment of an
absorbed dose value to a particular optical density value
applies universally throughout the tumor. Perhaps a safe
starting point or working hypothesis for both methods is
that any correction for time dependence of antibody phar-
macokinetics is superior to simply using physical decay to
derive a cumulated activity distribution from autoradiog-
raphy patterns.

V. DISCUSSION

The goal of the dosimetric studies presented above is to
help relate the therapy technique of RIT to the outcome
(e.g., tumor regression). ARG demonstrates that tumors
often exhibit activity distributions which are inhomoge-
neous on a distance scale of 10— 10* um. Both calculations
and in vivo TLD measurements show that these spatial
activity variations are associated with large dosimetric
variations on the same distance scales. The validity of ap-
proximating the tumor dose distribution by a single aver-
age absorbed dose may therefore be questioned.

In addition to spatial dosimetric inhomogeneities, other
factors may alter the biological effectiveness of the ab-
sorbed dose. Among these are the variation of the dose rate
with time and the possible relationship of cell viability to
local activity deposition. An understanding of the interre-
lationships between tumor pharmacokinetics and spatial
and temporal variations of dose rate and total dose depo-
sition may be required for reliable prediction of the out-
come of tumor therapy. However, a necessary step toward
this goal is improved quantitation of absorbed dose at the
multicellular level in tumors.
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