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Autoradiography has shown marked heterogeneous distribution of radioactivity in all ten
radiolabeled monoclonal antibody/tumor combinations evaluated by our laboratories for
radioimmunotherapy (RIT) in mice. Quantitative autoradiography was performed on two of
these combinations (**'I-B72.3/colorectal carcinoma and '3'I-LYM-1/Raiji B-cell lymphoma) to
obtain a correlation of film density with radiolabeled antibody distribution. Through the use of
sectioned mini-thermoluminescent dosimeter(s) (TLD) or micro-TLD, isodose curves were
generated from the film gradient density lines. A computer program was written to compare
theoretical absorbed dose calculations to measured micro-TLD values. First-order agreement
was reached for both antibody/tumor systems: (a) B72.3/colorectal system—=810 cGy
measured/824 cGy calculated per 200 xCi injected and (b) LYM-1/lymphoma system—1,740
cGy measured/1,580 cGy calculated per 656 nCi injected (1 cGy = 1 rad). Additionally, the
measured absorbed dose heterogeneity over a 500-um length of up to 400% which suggests
that the use of quantitative autoradiography is necessary in order to correctly determine the

underlying radiobiological effects of RIT. Theoretical computer modeling based on similar
autoradiographic activity distributions has also provided a convenient means of assessing
absorbed dose variation patterns from other radiolabels such as *°Y.
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Autoradiography has been shown to be a useful
method in the qualitative assessment of activity distri-
bution for radioimmunodiagnostics and radioimmu-
notherapy (RIT) (/-2). Quantitative methods based on
scanning film densitometry (3-4) have also been at-
tempted to spatially determine activity deposition in
the hope of ultimately obtaining isodose patterns of the
absorbed radiation dose. Although there is a propor-
tional relationship between activity distribution and the
local absorption of radiation dose, quantitation of ab-
sorbed doses through computational techniques can be
difficult. These difficulties include: (a) the entry of large
amounts (10?-10° voxels per slice) of serially sectioned
slice array data which must be spatially matched to the
maximum beta range; (b) computer generated absorbed
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dose values through numeric integration of point source
functions over all the activity voxels; and (c) the inabil-
ity to follow the variation of activity over time in the
tumor and thus arrive at the true cumulated activity.
Note that an autoradiograph represents a simple
“freeze-frame” of activity distribution in time. The
accumulation and subsequent loss of activity may be at
best inferred from autoradiographs taken at different
times from similar animal models. This inference re-
sults in the loss of the specific information relating to
the activity distribution around unique tumor vascula-
ture.

In recent years, our laboratory has investigated the
use of mini-thermoluminescent dosimeter(s) (TLD) for
the quantitation of radiation absorbed dose from RIT
in animals and phantom models (5-6). A modification
of this technique (7-8) has been shown to be useful in
the measurement of absorbed dose in serial tumor slices
of 20 um thickness. Although the micro-TLD method
only measures absorbed dose at a point (or points) in a
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tumor section, the total time history of the activity
profile is recorded by the TLD as absorbed dose. Fur-
thermore, the TLD measures absorbed dose not only
from the planar autoradiographic section, but also from
the activity distributions above and below the slice. As
long as the range of the beta particulate radiation is
substantially longer [e.g., iodine-131 ("*'I), yttrium-90
(°°Y), rhenium-186 (‘*Re)] than the average transverse
dimensions of the TLD (200 um X 400 um), marked
disruption to the electronic equilibrium conditions in
the media by the TLD detector is not evident (6).
Further it has been shown in phantom studies (6) that
no angular dependence of TLD orientation relative to
the medium is detectable. As previously stated, it is also
feasible to calculate absorbed dose by using a compu-
tational method based on a three-dimensional array of
activities obtained from quantitative autoradiography
of a tumor slice. The main purpose of this publication
is to compare micro-TLD measurements and corre-
sponding computerized dosimetry calculations using
actual RIT tumor models and autoradiographs.

It is further proposed that implanted micro-TLD can
be used to calibrate the autoradiographic activity distri-
bution in terms of absorbed dose. This combined
method avoids the use of complex data entry and point
source function computer calculations to generate iso-
dose lines for slowly varying activity distributions along
the microtome sectioning axis. The combined method
offers a suitable and labor saving solution for the com-
putational difficulties that exist when autoradiography
is used alone as the basis to calculate absorbed dose
distributions.

MATERIALS AND METHODS

TLD Implantation and Animal Biodistribution Data

The miniature CaSO4:Dy TLD technique was used as a
starting point for the autoradiography/micro-TLD experi-
ments presented here and has been described elsewhere (5-6).
Rod-shaped dosimenters with dimensions of 200 um X 400
pum X 5,000 um were implanted into tumor-bearing athymic
nude mice undergoing radioimmunotherapy. LS174T colo-
rectal and Raji B-cell lymphoma-bearing mouse models (Im-
munopharmaceutical R & D, E.I. duPont de Nemours and

Co., Inc., and the University of California-Davis, respectively)

were used. Typically, eight anatomic sites per mouse were
implanted as described previously (9). In addition, the tumor
site received two TLD implants. Within 24 hr after TLD
implantation, '*'I-labeled B72.3 or Lym-1 monoclonal anti-
body was injected intravenously into the tail vein of mice with
colorectal or Raji B-cell tumors, respectively. Tissue and organ
samples for biodistribution studies were obtained at time of
killing. Figures 1 and 2 are average biodistribution results
tabulated from tumor-bearing mice receiving similar amounts
and activities of the radiolabeled antibody which were then
killed at approximately the same time as the individual mice
used in the micro-TLD experiments. A more detailed pres-
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entation of these animal tumor models and antibody prepa-
ration may be found in previous publications (2,10,11). Spe-
cific data related to the tumor uptake of activity for the micro-
TLD experiments is shown in Table 1. For the micro-TLD
experiments, one colorectal tumor bearing mouse was killed
after 17 days and one Raji B-cell tumor xenograft was termi-
nated at 7 days postinjection. Within 2 hr after sacrifice, each
tumor was weighed and counted for '*'I activity (Table 1).
The tumors with TLD in place were removed, quickly frozen
in liquid nitrogen and immediately shipped on dry ice from
our collaborators to George Washington University Medical
Center for micro-TLD analysis. Dosimeters located in the
other organs were also recovered and used to compute the
dose enhancement factor (8) for the tumor/antibody combi-
nation as previously defined (9).

Micro TLD Fabrication

Approximately 24-48 hr after tumor excision (shipping
and receiving time), the frozen tumors (one colorectal and
one Raji B-cell) were cut in half using a tissue microtome
knife at George Washington. Half of each tumor with TLD
in situ was used to score tumor biodistribution data. The
remainder of the tumor was placed in a cryostat for sectioning
(Fig. 3). Each section was cut to 20 um thick and contained
the sectioned TLD in the original spatial location. This new
technique produced micro-TLD chips with dimensions of 20
um X 200 um X 400 um from the implanted mini-TLD. Each
individual micro-TLD was removed for counting after the
tissue sections were air dried for ~1 hr. The readings from
these micro-TLD chips provided dose quantitation at the
multicellular level.

Micro-TLD Structural Uniformity Verfication

Structural uniformity of the micro-TLD was verified by
both direct microscopic observation and indirectly by meas-
urements of light output after a standard irradiation. First, a
standard miniature TLD (200 um X 400 um X 5,000 um) was
placed in a paraffin block and tissue sectioned into 20-um
slices. Each sectioned micro-TLD was pulled from the paraffin
slice and cleaned in alcohol or luke warm water for 30 min or
less. These micro-TLD were then placed under a 20 power
dissecting microscope for viewing (Fig. 4). Surface variation
was scored to be <+15% over each dimension by photomi-
crograph analysis. Indirect verification of spatial uniformity
may also be inferred from calibration experiments conducted
with the micro-TLD. Four standard miniature TLD were
exposed uniformly to a 4 MV x-ray radiation dose of 1,000
cGy before being placed in a paraffin block. Each miniature
TLD was completely sectioned producing 250 micro-TLD
(5,000 um length/20 um slices). Approximately 10 micro-
TLD were randomly selected from each of the four mini-TLD
for counting of light output. One of the four data sets is shown
in Figure 5 which is typical of these sectioned TLD rods. The
standard error of this data set was measured to be £10% with
an average signal of 4.095 + 0.400 nC. Background signal for
these micro-TLD was 0.11 + 0.015 nC.

Micro TLD Degradation Experiment

Since the grain size (40-50 um) of the TLD material was
similar to the slice thickness (20 um), degradation of the teflon
imbedded TLD material versus time in varying acid/base
solutions was examined. Five micro-TLD per experimental

The Journal of Nuclear Medicine



5.0
o
w
(7))
Q 404
o
w
—
g 304
Z
[
& 204
(@]
a
w
a
1.0
A///////V///// ....... orrrr, S 7 Dz

BLOOD LIVER KIDNEY SPLEEN UG

point were irradiated with 4 MV x-rays to a dose of 200 cGy
and suspended in water solutions of pH ranging from 5 to 11
for times ranging from 2 min to 168 hr. A total of five different
time periods in aqueous solutions of six different pH values
were measured. Results indicated the TLD material did not
suffer degradation while exposed to an acid/base environment
within the limits of experimental error (£10%).

Autoradiography

Autoradiographic film (LKB-Produkter AB, Bromma, Swe-
den) without a low energy absorbing supercoating was selected
for the autoradiography experiments. The absence of this
“anti-scratch” layer made this film sensitive to both high and
low energy beta rays (/2). A thorough dehydration of each
tissue section was necessary prior to autoradiography. Imme-
diately after fixing the frozen sections on glass slide covers,
they were allowed to dry and then mounted to a thin card-
board sheet cut to fit inside an 8 in. X 10 in. film cassette.
The film was placed emulsion side down on the tissue sections
and the cassette was closed with the film in firm contact with
each slide. Exposure times were adjusted depending upon
average tumor specific activity. The times were based upon
previous experiments in which test films of tissue sections
were exposed for times ranging from 1 to 168 hr.

1
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FIGURE 1

Average biodistribution data for co-
10 lorectal mouse xenograft (n = 6).
This graph shows percent injected
dose/g vs. organ site containing '*'l
labeled B72.3 antibody. Time of
death was 17 days.

The autoradiographic film was developed in a commercial
developer (Kodak D170, Rochester, NY) at 20°C for 5 min,
fixed in sodium thiosulfate at 20°C for 5 min and washed in
water for 10 min. Spatial resolution of the autoradiographic
patterns, as confirmed by microscopic evaluation of a high
contrast activity step function, was on the order of 10-50 um
when using '*'I or *Y radiolabeled sources (data not shown).

Densitometry

The optical density (O.D.) was measured using an auto-
mated micro-densitometric device (developed by Loats Asso-
ciates, Inc., Westminster, MD and marketed by Amersham
Corporation, Arlington Heights, IL) capable of measuring
optical density with 20 um pixel resolution. Autoradiographic
images were entered into this device through a video digitizing
subsystem. Software supplied by the manufacturer permitted
the recording of optical density profiles along selected lines of
interest (Fig. 6). A set of square grids of optical densities were
obtained by measuring optical density profiles along a series
of parallel lines on the autoradiographs of interest. These
provided the raw data for the calculations.

Conversion of Optical Density to Activity
To convert the optical density values to cumulated activi-
ties, a calibration curve for the autoradiographic film exposed

FIGURE 2

Average biodistribution data for a
Raji B-cell lymphoma mouse xeno-
graft (n = 4). The plot shows percent
injected dose/g vs. organ site con-
taining '*'I-labeled LYM-1 antibody.
Time of death was 6 days.
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TABLE 1

Antibody/Tumor Parameters
Tumor Model/Antibody Colorectal: B72.3 Lymphoma: LYM-1
Animal weight (g) 27.0 25.0
Amount of antibody injected-activity (uCi) 200.0 656.0
Protein () 16.3 215
Antibody immunoreactivity (%) 1.0 53.0
Tumor weight (mg) 1052.0 496.0
Tumor activity (xCi) 2.1(8.9) 1.2(2.2y

" Decay corrected to time of injection

to '*'I was obtained. Film strips were exposed to gel wafers
(200 um thick) having '*'I specific activities ranging from 0.1
to 100 uCi/g. Exposure times were varied from 3 to 168 hr
and a calibration curve (Fig. 7) was obtained. This calibration
curve was used to convert grids of optical density values to
corresponding grids of cumulated activities over the duration
of TLD implantation by making two corrections. The first, a
purely physical correction, accounted for the difference in
thickness between the calibration wafer and the tissue slice.
The second correction was a back decay of activity to account
for the time course of activity during the TLD implant. For
simplicity, we chose to use a steady-state assumption regarding
accumulation and release of activity by the tumor in vivo.
Both of these corrections are discussed in detail in Appendix
A.

Alternatively, the TLD themselves were used to calibrate
the autoradiographs from a single tumor. Two micro-TLD,
one from a high O.D. and one from a low O.D. region of the

TUMOR SAMPLE
IMBEDDED
TLD
ﬂ
MICROTOME
PLANES
FIGURE 3

Schematic representation of a sectioned tumor sample
with imbedded TLD. Microtome cuts were 20 um thick
which produced a 20 um X 200 um X 400 um TLD chip.
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tumor were chosen. Both optical densities lay on a near linear
portion of the calibration curve. The absorbed dose received
by each TLD was recorded. The cumulated specific activity
in the region surrounding the TLD was assumed to be that
which would deliver the recorded absorbed dose to the TLD
in an infinite uniform medium where an equilibrium dose
constant calculation (/3-15) would be valid. A basically linear
relationship was found between film density and cumulated
specific activity. This relationship was used to infer the cu-
mulated activity distribution throughout the tumor. An ex-
ample is shown in detail in Appendix B.

Since the TLD measured total absorbed dose, effectively
integrating over time, no biologic model for the time depend-
ence of activity need be assumed if they are used to calibrate
the autoradiographs. However, an approximation is implicit
in the use of an infinite medium calculation to estimate the
cumulated activity in the neighborhood of the TLD. To
minimize the effect of this approximation, the TLD should
be selected from regions where the optical density gradient is
small.

Calculation of Absorbed Dose

The absorbed dose at a point of interest can be calculated
analytically only for a few highly symmetric activity distribu-
tions (uniform sphere, infinite medium, infinite planar slab,
etc.). For nonsymmetric distributions such as we observed
with autoradiography, numerical evaluation is necessary.

We have approximated an activity-bearing volume by a
three-dimensional cubic grid in which each cubic voxel con-
tains a cumulated specific activity which may be derived from
the autoradiographs as described above. The absorbed dose
delivered by the activity in a voxel to a point of interest is
proportional to the product of the activity and a point source
function. The point source function depends on the beta
spectrum and on the distance from the voxel to the calculation
point. A BASIC program which runs on a personal computer
(IBM Model XT Personal Computer, Armonk, NY) was
written to sum the dose contributions from each voxel to a
point of interest. This approach is more thoroughly discussed
in Appendix C.

The point source function we chose allows the program to
be used for beta emitters other than '*'I by changing only
three parameters. Thus the dose distributions generated by
different radionuclides distributed with the same geometric
pattern can be compared through computer modeling.

Verification of Computer Calculation
A test case of an infinite medium (i.e., medium large
compared to the maximum range) with a uniform cumulated
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activity was used to establish the voxel size. A compromise
had to be reached between accuracy on the one hand and
speed of calculation and ease of data input on the other. For
an infinite uniform cumulated specific activity distribution C
of '*'I, exact calculations (/3-15) predict an equilibrium dose
constant of 0.41 g-cGy/uCi-hr and an absorbed dose of 0.41
C cGy to any point in the medium. The program described
above calculated a dose of 87 % of the exact value with voxels
which are 200 um on a side and a 15 X 15 X 10 voxel grid.
Reducing the length of the voxel side to 100 um improved the
calculation’s accuracy to 93% of the exact value. In the interest
of computational speed, the calculations based on actual
tumor sectioned autoradiography (Figs. 8 and 9) were per-
formed with 200 um voxel side length.

Both biologic time dependencies and spatial heterogeneity
are important factors in the absorbed dose measured by the
micro-TLD. To test the computational approach against
measurements for heterogeneous activity distributions where
biologic time variations are not a consideration, comparisons
were made with TLD measurements in cylindrical phantoms
filled with gels of uniform activity. The experiments were

FIGURE 4

Micro-TLD (20 um x 200 um X 400
pm) shown on the tip of microfine
jeweler’s tweezers. Surface variation
was estimated to be +15% over
each dimension.

described in the literature by Wessels and Griffith (6). Figure
10 shows the agreement between the published data and the
doses calculated by the program for a 3.5 mm diameter
cylinder with uniform P-32 activity. The phantom radius is
smaller than the phosphorus-32 (*3P) beta maximum range.
Thus an infinite medium calculation based upon the equilib-
rium dose constant of 3P (A(P-32) = 1.48 g-cGy/uCi-hr)
seriously overestimates the dose even at the center of the
cylinder, as shown by the horizontal line of Figure 10.

RESULTS

Autoradiography and Micro-TLD Measurements
Autoradiographic and micro-TLD data obtained
from the two tumor models previously described rep-
resented typical patterns of activity and radiation ab-
sorbed dose distributions for these systems. Figures 8
and 9 show micro-TLD locations and absorbed dose
readings in conjunction with the autoradiographs for

5 Avg.Reading = 4.095:0.4
_____ ...____.___._....__._._._c__._..._
O 4- 5 Jum g —& A
(=
;g ——_——— e, e, e - — - —
Q ®
5 3
(o]
= 4
o
J 24 FIGURE 5
) Micro-TLD/4 MV x-ray uniformity re-
sults using micro-TLD (20 um x 200
1 um X 400 um) sectioned from a mini-
i TLD (200 um X 400 um x 5,000 um).
An absorbed dose of 1,000 cGy was
T T Y T T T T T T delivered under full buildup condi-
1 2 3 4 5 6 7 8 9 10 tions to the mini-TLD prior to section-

TLD Sample Number
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ing. Background signal was 0.11 +
0.015 nC.
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Plot of Optical Density Values Along a Cursored Line of interest and 2 in regions of variable activity. Slice 1 shows the

image: Sice from Rej B-cel Lymphoma Tumor Containing 131 Labeled LYM-1 MCA

100, SRR

Optical Density (Relative)

FIGURE 6

Piot of optical density values along a cursored line of
interest. This autoradiographic image was taken on a slice
from the Raji B-cell lymphoma tumor model containing **'I-
labeled LYM-1 monoclonal antibody. The straight cursored
line of interest passed directly over both TLD providing an
activity distribution which can be correlated with micro-
TLD readings.

ten sequential slices (20 um thickness) from each tumor
model. Sequential autoradiographic slices for a 1,000
pm length of the colorectal tumor are shown in Figure
8. Despite a more homogeneous dispersion of activity
than observed in the Raji B-cell data (Fig. 9), absorbed
dose measurements varied by a factor of ~250% (330-
810 cGy) within this region (Slices 1-10). Single slice
variation in the tumor ranged from 175% (470-810
cGy) for Slice 1 to ~140% (355-505 cGy) for Slice 10.
In the Raji B-cell data set (Fig. 9), TLD 1 yielded an
absorbed dose variation of ~400% (474-1,640 cGy)
associated with the heterogeneous dispersion of activity
within a 500-um microtomed region of the tumor.
Additionally, a variation in absorbed dose of ~200%
(788-1,640 cGy) was noted within a single 20 um tissue
section as a result of the random placement of TLD 1
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fortuitous location of TLD 1 in an area of high activity
and TLD 2 in a region of lower activity.

Film Calibration, Activity, and Absorbed Dose Distribution:
The Colorectal Tumor

The specific activity of the colorectal tumor was measured
in the dose calibrator to be 1.95 uCi/g. Since this tumor’s
autoradiographs had a more uniform film density than the
Raji B-cell tumor, we compared its specific activity as derived
from calibrated autoradiography with the dose calibrator
measurement. The film calibration curve run for this tumor
is shown in Figure 7. The average film density for the colorec-
tal autoradiographs of Figure 8 was 0.4 O.D.. The film cali-
bration curve was used to predict an average specific activity
of 1.51 uCi/g at the time of dose calibrator measurement as
shown in detail in Appendix A.

Since the colorectal tumor’s dimensions were relatively
large compared to the 400 um average range of '*'I beta rays
and the TLD placement was not close to a sharp activity
gradient or to tumor edges, we compared the average absorbed
dose to the micro-TLD to the absorbed dose expected in a
uniform infinite medium. For this comparison, a model for
the time course of the activity was needed since the TLD was
embedded in tumor for 19 days prior to the beginning of
autoradiography. We assumed only physical decay of '*'I and,
as shown in the last paragraph of Appendix A, calculated an
absorbed dose in an equivalent infinite medium of 600 cGy.
The average of the TLD readings for the tumor were 500 cGy.
This agreed within 20% with the absorbed dose to an infinite
medium of uniform activity equal to the average activity
predicted with the use of the film calibration curve.

The computer program was also used to calculate the
absorbed dose to micro-TLD A in Slice 1 of Figure 8. A
volume, 3,000 um X 3,000 um X 2,000 um surounding the
TLD and divided into voxels of side 200 um were used. The
physical decay of '*'I was the only time dependence of activity
considered. The contribution to the absorbed dose from the
activity in slices within range of the central slice containing
the micro-TLD of interest must be added to the absorbed dose
due to activity in the central slice. For purposes of this
estimate, it was assumed that the activity pattern of the slice
containing the micro-TLD was repeated for four slices (each
of thickness 200 um) above and below the central slice. We
call this approximation a “cylindrical” model. The absorbed
dose to the micro-TLD calculated by the program for this
model was 824 ¢Gy and was in first-order agreement with
both the average infinite medium calculation of 600 cGy and
the TLD reading of 810 cGy. Since biologic time dependences
of activity were ignored in this calculation, disparity with the
TLD measurement was not surprising.

TLD Calibration, Activity, and the Resultant Absorbed Dose
Distributions: The Raji B-Cell Tumor

Since the Raji B-cell tumor had a very heterogeneous
uptake of antibody, it was not a good candidate for use of an
infinite uniform medium calculation. The TLD absorbed dose
variations of 200% within a single autoradiograph slice and a
400% variation for slices which were only 500 um apart were
reflected in the film density as shown in Figure 9. The tumor-
averaged specific activity assessed two days before autoradi-
ography was 2.04 uCi/g. No calibration curve had been run

The Journal of Nuclear Medicine



11131 CALIBRATION CURVE FOR
AUTORADIOGRAPHIC FILM
(Cal wafer thickness =200 microns)
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Calibration curve for autoradi-
ographic film plotting film density
(O.D.) vs exposure (cumulated activ-
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in parallel to this autoradiographic sectioning experiment.
Previously run film calibration curves did not necessarily
apply in this case and were of limited help in quantifying this
marked activity heterogeneity. However, the strong heteroge-
neity made this tumor an attractive candidate for the calcu-
lation of localized absorbed dose distributions. The TLD
calibration of optical density described in Appendix B was
used here. This procedure approximately accounted for bio-
logically mediated time dependencies.

Figure 11 shows the calculated absorbed dose distribution
based on a “cylindrical model” similar to that assumed for
the colorectal tumor and based on the activity distribution
surrounding TLD 1 in Slice 2. Approximately 5 min of
computer time was required to obtain a typical dose pattern.
Within a 2,000 um X 2,000 um region of interest, the calcu-
lated absorbed dose varied by a factor of 600% (260 cGy to
1,580 cGy). The average absorbed dose was 1,140 cGy with
an s.d. of £36%.

The absorbed dose pattern was not qualitatively changed if
the more realistic assumption was made using activity patterns
from the slices 200 um above and 200 um below the central
slice. The upper slice was replicated once at 400 um above the
center and the lower slice once at 400 um below the center to
simulate the smaller tumor size. Although the upper and lower
slices have a more homogeneous activity distribution than the
central slice, a 400% variation from maximum to minimum
dose was still noted within the 2,000 um X 2,000 um “calcu-
lation box™ with a corresponding s.d. of +30%. The lower
activity in the upper and lower slices as well as the shorter
tumor dimensions also led to a diminished peak absorbed
dose (1,110 cGy) compared to the 1,580 cGy obtained by
using the cylindrical model (figure not shown). Qualitatively,
the microisodose pattern is not substantially changed.

Theoretical Modeling Using Different Radionuclides

Existing activity patterns were used to theoretically model
the effect on the absorbed dose distribution of changing the
radionuclide alone. The three parameters (», c, E) of the point
source function as described in Appendix C were appropriately
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ity/area). The calibration wafer thick-
ness was 200 um and '3l activities
ranged from 2 x 1073 to 2 xCi/cm?.

altered before rerunning the program. Figure 12 shows the
absorbed dose distribution using *°Y parameters with the same
cylindrical activity distribution that produced Figure 11 for
131 (Raji B-cell data set). Two effects, both attributable to the
longer range of *°Y betas were observed. First, the absorbed
dose distribution was more homogeneous for Y with a
variation reduced to 250% with a mean absorbed dose of
1,660 + 330 cGy over a range of 1,100 to 2,100 cGy. Second,
the peak absorbed dose of 2,100 cGy was only 26% of the
8,200 cGy which was the calculated absorbed dose to an
infinite medium of uniform specific activity using the highest
observed specific activity in the region. This effect was a direct
result of the Y beta particle range that is relatively large
compared to the tumor size and activity distribution pattern.
Much of the beta energy emitted in the high activity region
escaped and failed to deposit its absorbed dose within that
region (lack of buildup).

As a further exercise, Figure 13 shows the effect of a
hypothetical *°Y activity distribution with a substantially
larger scale heterogeneity than that observed previously. The
cumulated specific activity of each voxel was kept the same as
in Figure 12. However, each voxel side was enlarged by a
factor of 10 and consequently, the cumulated activity per
cubic voxel was increased proportionally. The region over
which the absorbed dose pattern was displayed was now within
a 2 cm X 2 cm square. The size of this new region exceeded
the maximum range of the *Y beta particles. Hence, the
maximum absorbed dose of 7,800 cGy calculated for this
expanded region finally approached the expected 8,200 cGy
“infinite medium™ dose as full buildup of electronic equilib-
rium had been established. Since the high and low activity
regions were more distant from each other (on the scale of the
beta range), the absorbed dose heterogeneity was again as large
(1,500-7,800 cGy) as in the original example (Fig. 11). To
summarize, for the enlarged case the central peak absorbed
dose approached the infinite medium dose and the calculated
absorbed dose heterogeneity became larger whenever the
length scale of heterogeneity in antibody uptake (distance
between “hot spots™) was comparable to or exceeded the beta
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MICROTOME PLANE NUMBER

12 9 10

DOSE (cGy)

810
470

765
440

645
400

642
415

585
340
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TLD A

o B

TLD DOSE (cGy)

A 620
B 480
A 505
8 345
A 500
B 335
A 475
B 330
A 505
B 355

* Radiolabeled antibody and tumor model supplied by Dupont-NEN, North Billerica. Mass.
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FIGURE 8

Autoradiographic results from a 1,052 mg colorectal tumor showing absorbed dose measurements which vary by 250%
over a 1,000 um region. Absorbed dose variability inside a single twenty micron tumor slice was ~175%.
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: 1 1640 by 1 911
)v( 2 788 6 . 2 778
J -

. -
) ‘ 1 1740 ; A 1 834
2 947 ' 2 697

&Y

v
1 1810 8 1 542
3 - 2 85 -" 2 442
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<
. 1 934 10 1 474
4 2 797 , 2 400
‘ 1]
FIGURE 9

Autoradiographic results from a 496 mg Raji B-cell tumor showing the heterogeneous distribution of activity and
resulting measured TLD absorbed radiation dose. Sections 1-1 to 10-2 show a factor of 400% in absorbed dose
variation associated with antibody uptake within a 500 u region of the tumor. A variation in absorbed dose of ~200%
was also noted within a single tissue section. The calculation region denoted by a 2,000 um x 2,000 um (2 mm % 2
mm) box was subdivided into an optical density grid consisting of voxels with sides 200 um in length.
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DOSE VS. DISTANCE FROM CENTER
P-32 IN 3.5 mm DIAMETER CYLINDER

FIGURE 10

Absorbed dose as a function of dis-
tance from the center of a cylindrical
gel tumor phantom. The inner cylin-
der, diameter 3.5 mm, contains 3P
with initial concentration of 22
uCi/ml. The ratio of activity of the
outer phantom to the inner one is
73:1. The solid curve is data meas-
ured with the miniature TLD sus-
pended for 16 hr while the x points
have been calculated using the pro-
gram discussed in the text. The ab-
sorbed dose (520 cGy) calculated for

Dose (cGy)
8
1

i

2

-
(=]
1

Infinite Uniform Medium (MIRD 5)

e—e Measured data - J. Nucl. Med. 27:1311 (1986)
X Calculated points

WALL

infinite uniform medium would be a 1 |
substantial overestimate of the ab- 12
sorbed dose for this small phantom.

maximum range. A comparison of all measured and calcu-
lated absorbed dose values for both antibody heterogeneity
patterns using '*'I and/or *°Y radiolabels is presented in Table
2.

DISCUSSION

The results presented in Figures 8 and 9 show that
the TLD implant method for assessing absorbed dose
from RIT can be extended to the multicellular range
(20-400 um) using the newly fabricated micro-TLD to
measure resulting absorbed dose heterogeneity. The
accuracy and reproducibility of the measurements are
limited by the dosimeter’s spatial dimensions, the size
of the radiation exposure (signal-to noise ratio) and the
homogeneity of the detector response (+10%—Fig. 5).

Autoradiographic film calibration combined with a
point source function computational method was used
to assess the absorbed dose deposition in a region of
mildly heterogeneous antibody uptake (Fig. 8) and was
then compared with the dose to the sectioned micro-
TLD in the same region. Reasonable agreement was
reached (Fig. 8, Slice 1, micro-TLD—810 ¢Gy and
program results—824 cGy) between the two methods
using the colorectal tumor model. In this case, the
computational method was based on a standard film
calibration and “freeze frame” autoradiography which

1804 Griffith, Yorke, Wessels et al.

T T 1
3 4 5

Distance from Center (mm)

does not include biologic time dependence of the radi-
olabeled antibody distribution. Therefore, precise agree-
ment with micro-TLD measurements which measure
the integrated absorbed dose over time was not expected
since the autoradiographic method does not account
for time dependent changes in antibody concentration.
Alternatively, the micro-TLD were used to directly
calibrate the isodensity lines measured from the auto-
radiographs. This provided a convenient general
method to assess absorbed dose heterogeneity for RIT
using only the isodensity autoradiograph lines cali-
brated by micro-TLD. This method is not expected to
be extremely accurate in a region of rapid variation of
antibody uptake in a plane perpendicular to the auto-
radiograph. In such cases, the absorbed dose to the
micro-TLD reflects out-of-plane variations that are not
reflected in an absorbed dose estimate based on a single
autoradiographic slice. For a region of strongly hetero-
geneous uptake (Fig. 9), this technique also provided
nominal agreement (maximum TLD measurement of
1,740 ¢Gy as compared to program results with a
maximum calculated value of 1,580 cGy). Again, the
TLD measurement method is thought to reflect the
actual absorbed dose to the tumor at a point and is
used here as the comparison standard for the autoradi-
ograph/computational method accuracy.
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Calculation Region

FIGURE 11

I-131
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A micro-isodose pattern ('*'l cylindrical model) calculated from a 2,000 um X% 2,000 um region shown in Figure 9. The
optical densities in the “calculation” region of Figure 9 were converted to cumulated activities using voxels with sides
200 ¢m in length. To simulate the three dimensional nature of the tumor, the activity distribution in this slice was
replicated four slices above and below it. There was a variation of 600% from the high absorbed dose (1,580 cGy) to
low (262 cGy) which would be obscured by simply quoting the average calculated absorbed dose of 1,140 cGy.

Lastly, Figures 11, 12, and 13 show theoretical esti-
mates of the relative effectivness of absorbed dose dep-
osition for two different radionuclides in relation to the
size of the heterogeneous antibody uptake pattern. In
Figure 12, the region containing the maximum activity
was small compared to the *Y beta particle range while
in Figure 13 the calculation region was expanded by a
factor of ten (from 2 mm to 2 cm). In addition, a
hypothetical *°Y activity distribution with large scale
inhomogeneity was used. The resulting maximum ab-
sorbed dose increased from 2,100 to 7,800 cGy. When
the activity was contained in a region which was the
same size or smaller than the particle range (Fig. 12),
the use of absorbed dose estimates appropriate to infi-
nite media (equilibrium dose constant multiplied by
the cumulative specific activity (/5)) was not a valid
approximation and yielded absorbed dose values several
times too large due to the lack of an adequate buildup
region.

Furthermore, when large activity variations occur
over distances comparable to or larger than the particle
range, the use of an infinite medium estimate obscures
absorbed dose variations which are of potential radio-
biological importance. These variations can occur on a
scale five times smaller than the resolving power of
standard nuclear medicine gamma cameras, as in the
case of the experimental data cited here (Figures 8 and
9). When heterogeneous antibody uptake patterns are

Volume 29 « Number 11 « November 1988

on the same scale as the particle range, direct measure-
ment techniques or computational methods based on
experimentally derived activity distributions are war-
ranted. This suggests that (a) the autoradiogra-
phy/micro-TLD method or computational techniques
must be performed in order to properly characterize
any antibody/tumor combination and (b) a range of
absorbed doses rather than a simple mean should be
quoted when describing absorbed doses generated by
RIT. In addition, the use of “cocktails” or a variety
of radionuclides coupled to different antibodies may be
appropriately selected once the size and dimensions of
the heterogeneous uptake patterns is determined for a
specific antibody/tumor system through the methods
described above.
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Calculation Region

FIGURE 12
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Theoretical micro-isodose pattern that demonstrated the effect of a change in radiolabel. The specific activity distribution
used in Figure 11 was retained, but the point source function parameters appropriate to ®Y were incorporated. *Y has
a more energetic beta spectrum than '*'| with an average range of 3-4 mm. A simple equilibrium dose constant estimate
of the maximum absorbed dose predicted 8,200 cGy for the infinite medium calculation. The small tumor size reduced
this value to 2,100 cGy. The longer Y range also reduced the absorbed dose variation over the calculation region to

only 230%.

APPENDIX A

The calibration curves were plotted as film density versus
cumulated specific activity per unit area of the calibration
wafer (Fig. 7). The film density records the absorbed dose to
the film at the surface of the wafer, or of the autoradiographic
slice. Equal film density in fact implies equal absorbed dose
to the film at these two surfaces. Since the wafers (200 xm)
are thicker than the slices (20 um), equal surface absorbed
doses are produced by a lower cumulated specific activity in
the wafer than in the slice. If the slice activity distribution
were uniform on the length scale set by the point source
function parameter 1/v defined in Appendix C, both wafer
and slice could be approximated by infinite slabs of thickness
h,, and h, and cumulated specific activities C,, and C,, respec-
tively. Loevinger et al. (13) have derived a general expression
for the dose at the surface of a slab of thickness h:

D, = 0.5 D, f(h) (A1)

where:

f(h) = ¢* « [vh/o(2 + In cavh) + exp(l — vh/c) — 3] + 1
— a exp(l — vh) for vh < ¢ and,
f(h)= 1~ a exp(l — vh) for h>c
= = dose to infinite medium; », ¢, a are point source
function parameters.

Since the absorbed dose at the surface of the wafer is equal to

that at the surface of the slice:
C.f(h.) = Cf(hy). (A2)
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Using the point source function parameters appropriate to '3'
as discussed in Appendix C and the known thickness of wafer
and slice, we find:

G =4.16C..

For the nonuniform activity distributions characteristic of
the tumors we studied, the steepness of the activity gradient
in the plane of the autoradiograph limits the validity of use of
a uniform activity calibration wafer and the spatial resolution
of the derived autoradiographic activity density information.
Spatial resolution of the input data is improved somewhat by
the proximity of the film (relative to the size of the grid voxel
over which the activity is averaged) to the slice. Within this
approximation, a map of the average cumulated specific activ-
ity within each slice voxel is obtained.

Given that the exposure time, T., for a slice is known, the
specific activity A, of each voxel at the beginning of the
autoradiographic exposure is given by:

A, = C)\(1 — exp(—AT))),

where C, is the cumulated specific activity of the voxel during
the autoradiograph and X is the decay constant of the beta
emitter. To use these specific activities to calculate doses
delivered to an implanted TLD, the history- of the activity in
the slice for the duration of the TLD implant must be known.

In addition to temporal information regarding when the
TLD was inserted (time T,), and removed (time T;), relative
to the autoradiographic procedure, either comparative exper-
imental measurements or model assumptions must be made
for the time dependent biodistribution of activity in the tumor.

(A3)

(A4)
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FIGURE 13
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Theoretical micro-isodose pattern for *Y utilizing a geometrically similar but expanded region for the proper absorbed
dose buildup for this radionuclide. If the same specific cumulated activity was kept in each voxel, but each voxel side
was multiplied by a factor of ten (region now 2 cm X 2 cm), the peak absorbed dose approached that predicted by an
equilibrium dose constant calculation. Since the “hot” and “cold” regions were no longer within an adequate particle
range of each other, absorbed dose inhomogeneity was sizeable (700%).

In our present calculations, it is assumed that only physical
decay of activity with decay constant, \, occurs for the dura-
tion of the TLD implant. Using this assumption, if the specific
activity of a voxel of an autoradiographic slice at the time the
autoradiograph starts is Ao, then the cumulated specific activ-
ity of that voxel for the duration of the TLD implant is given
by:

C = Ao exp(ATu)(1 — exp(—MT: = T2)))/A.  (A5)

In a similar manner, a more refined model of antibody bio-

distribution can be used to convert the film density map to a
map of the cumulated activity distribution in the slice for the
duration of the TLD implant. As an example of the use of
this procedure, we consider the colorectal tumor (Fig. 8) for
which the average specific activity measured two days before
the start of autoradiography was 1.95 uCi/g. Using the half-
life of '*'I as 8.02 days, the average activity (assessed from the
dose calibrator measurement) at the beginning of autoradi-
ography had decayed to 1.64 uCi/g. This can be compared
with the average activity predicted from the use of film cali-

TABLE 2
Comparison of Measure and Calculated Absorbed Dose Values
Average dose
point source Uniform media
TLD measurement calculations peak value
maximum (cGy) range (cGy) (cGy) Range (cGy) MIRD (cGy)
Colorectal Tumor '*'1-B72.3 810 330-810* 640 420-824 600
Raiji B-cell Tumor *'|-Lym-1 1740 392-1,740% 1,140 260-1,580" 1,700
Raiji B-cell Tumor ®Y-Lym 1*t N.A. —_ 1,660 1,100-2,100 8,200
(Small scale heterogeneity)
—Figure 12
Raiji B-cell Tumor *Y-Lym-1*t N.A. —_ 5,570 1,500-7,800 8,200
(Large scale heterogeneity)
—Figure 13
‘ Theoretical resulit.
1 Over calculation box only.

*Over all TLD sections.
N.A.—Not available.
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bration of the autoradiographs. The films were exposed for
24 hr and the average film density measured was 0.4 (O.D.),
corresponding to a cumulated wafer activity per area of 0.14
uCi-hr/cm? or a specific cumulated activity for a unit density
200 um thick calibration wafer of 7 uCi-hr/g. Using Eq. (A3),
the corresponding 20 pm slice cumulated specific activity is
29.1 uCi-hr/g. Since the film was exposed for 24 hr, the tumor
specific activity at the start of autoradiography (Eq. (A4) with
T. = 1 day) is 1.27 uCi/g. The specific activity at the time of
dose calibration measurement, was found by back decaying
to be 1.51 uCi/g, agreeing with the dose calibration measure-
ment to within +£30%.

The average cumulated specific activity during TLD im-
plantation can be calculated under the assumption of purely
physical decay of '*'I using Eq. (AS5). The TLD was implanted
19 days prior to autoradiography and removed immediately
before; hence T, = 19 days and T, = 0. Taking Ao = 1.27
uCi/g and the physical half-life of '*'I, the calculated cumu-
lated specific activity during TLD implant is 1,469 uCi-hr/g.
The absorbed dose to an infinite medium of this cumulated
specific activity can be calculated using the equilibrium dose
constant for '*' beta rays, A(**'I) = 0.41 g-cGy/uCi-hr. Using
these initial values, the absorbed dose to infinite medium was
calculated to be 602 cGy.

APPENDIX B

The micro-TLD can be used to approximately calibrate
autoradiography as described in Methods and Materials. This
technique was used to calibrate autoradiographs for the Raji
B-cell tumor where, fortuitously, TLD 1 was located in a high
activity region and TLD 2 in a lower activity region.

The TLD measurement of 1,740 cGy would be achieved
in an infinite medium with cumulated specific activity of
4,244 uCi-hr/g by the equilibrium constant method. This
absorbed dose, which corresponds to Figure 9, Slice 2-TLD 1,
was received by a micro-TLD embedded in a region of film
density 0.79 O.D.. Similarly, micro-TLD 2 in Slice 10 in a
region of film density 0.3 O.D. received a dose of 400 cGy
and was associated with a cumulated specific activity of 976
uCi-hr/g. Both these optical densities were located in the near
linear region of the calibration curve. A linear relationship
was then assumed between film density and cumulated spe-
cific activity within 0.3 and 1.0 O.D. readings.

Thus, film density 0.5 O.D. would be associated with
cumulated specific activity of 2,310 uCi-hr/g by linear inter-
polation.

APPENDIX C

To calculate the absorbed dose to a point  due to a volume
distribution of specific cumulated activity C (*), it is necessary
to have a point source function J (|7 — 7’ |) specifying the
absorbed dose at r due to a unit strength point source at ’.
In unit density material, the absorbed dose at r is given
formally by the volume integral:

D(?)=IC(T")J(|T'-1"'|)df". (C1)

1808 Griffith, Yorke, Wessels et al.

A number of point source functions for various beta emit-
ters are available in the literature (/3,16,17). We used the
point source function of Loevinger et al. (/3) which is a three
parameter fit to the absorbed dose distribution of a point beta
emitting source. The dose rate at a distance x from the point
source is given by:

K 3 vX
J(x) —W{C[l - ?exp(l —?)] + vx

- exp(l = ux)} for x <§ and, (C2)

J(x) = ”—li exp(l —v»x) for x=

A Kol

Here » and c are parameters depending upon the beta
spectrum chosen to fit experimental dose distributions and k
is related to the average energy E (in MeV) of the spectrum
by:

k = 0.17p*»°E/(3¢* = o(c* — 1)) cGy/uCi-hr. (C3)

Values of », ¢ and, E are given in Reference 13 for several
radionuclides; for example, for I-131, » =40 cm™, c =2, p
(density) = 1 gm/cm® and E = 0.187 MeV.

While Eq. (C1) can be analytically integrated for highly
symmetric activity distributions (/3), for nonsymmetric dis-
tributions numerical evaluation is necessary. We approxi-
mated the activity-bearing volume by a three-dimensional
cubic grid in which each cubic voxel had volume V and was
centered on a grid point X;. The cumulated specific activity,
C(xL) of each voxel was input data. The integral of Equation
C1 was approximated by a sum over the voxels and, in our
work, J was Loevinger’s point source function. However, other
analytic point source functions or lookup tables such as have
been compiled by Berger (/8) for monoenergetic electrons
could be used. We found that compiled BASIC on a personal
computer generated the absorbed dose distributions discussed
in the body of this paper in ~5 min each.
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