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In light of the increased interest in small scale dosimetry, this
paper presents a quantitative autoradiographic method for
evaluation of heterogeneous activity distribution in tissues.
This was studied in rat tissues after administration of '""In-
chioride, -oxine, -tropolone, '''In-labeled homologous blood
cells and ''In-anti-CEA-F(ab’),, using quantitative whole-
body autoradiography. Quantification was performed utilizing
an image analyzing system designed for whole-body autora-
diographs. Very heterogeneous activity distribution was found
in several tissues including the liver, spleen, kidneys, bone
marrow, lymph nodes and testes. Notable was the high *''in
uptake in organs characterized as rapidly proliferating, and
known to have numerous transferrin receptors. In the gas-
trointestinal tract, all activity was associated with the intestinal
walls. The heterogeneous tissue distribution shown in this
investigation accentuates the necessity for performing de-
tailed studies of the tissue distribution of radiopharmaceuti-
cals. This is especially important for the radiation dosimetry
of radionuclides emitting beta-particles or low energy elec-
trons. We suggest whole-body autoradiography as an excel-
lent implement to determine local activity concentrations in
organs and tissues necessary for accurate absorbed dose
calculations.
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Recommendations for calculating the absorbed dose
to organs or tissues from radionuclides administered in
the course of diagnostic medical procedures are well estab-
lished (/-3). When these methods were formulated, the
assumption was made that the radioactive substance is
distributed homogeneously within the source organ. Thus,
the estimation of the average absorbed dose to the entire
organ is considered to be appropriately representative also
in the case of individual cells in the organ. This is true for
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radionuclides emitting merely photons and high energy
electrons, but may be fundamentally inadequate for radio-
nuclides emitting low energy electrons. The increased in-
terest in activity distributions at the cellular level, in both
radiation protection and in radionuclide therapy, requires
suitable and detailed studies of the biokinetics and the
biodistribution of radionuclides and radiolabeled com-
pounds. Whole-body autoradiography, first described by
Ullberg in 1954 (4), is a well established and suitable
technique for deriving rapid and extensive information on
the detailed distribution pattern of a radioactive substance.
A cautious sectioning of an animal will disclose all unex-
pected and expected activity sites in various organs and
tissues. In order to enhance the acquired information,
systems for quantification of the autoradiographs by
means of digital image analyze have been developed (5-
7).

One radionuclide of specific interest is '''In because of
its in vivo similarities with iron in binding to the plasma
protein transferrin (8) and its significant accumulation in
the liver, spleen and bone marrow (9,/0). Indium-111 has
a wide use in diagnostic nuclear medicine for labeling of
blood cells (/1) and monoclonal antibodies (/2-14). In
addition, '"'In-chloride has also been tried for the diagnosis
of tumors (15,16) and for bone marrow scintigraphy (/7-
19). The enhanced biological effects in vivo are well estab-
lished (20,21), and have been chased to the emission of
low energy electrons (Auger and Coster-Kronig electrons)
when the radionuclide is internalized by individual cells
and bound in the vicinity of the DNA.

In parallel studies, we have evaluated the differences in
the long-term biokinetics and biodistribution of some
common !"'In compounds in rats after intravenous ad-
ministration (22,23), and it has been shown that '''In
accumulates heterogeneously in tissues, and in or adjacent
to specific cells (24). This investigation was undertaken to
determine the macroscopic tissue distribution of some
frequently used '''In radiopharmaceuticals and agents
used for labeling, which represent different stability prop-
erties and biokinetics (22,23). The study was designed to
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quantify the activity in tissues by means of digital whole-
body image analysis.

MATERIALS AND METHODS

Animals and '"'In Substances

Six male Wistar rats (MOELLEGAARD Breeding Centre,
Denmark) were intravenously injected with one of the following
substances: '''In-chloride, '''In-TRIS-8-hydroxyquinoline (ox-
ine), '''In-2-hydroxy-2,4,6-cycloheptatrenine (tropolone), '''In-
oxine-labeled platelets or mixed leukocytes, and finally an '"'In-
anti-CEA-F(ab’),, BW431/31, (Scintimun®, Behringwerke, Mar-
burg, Germany). Injected '!'In activities were 18 MBq for '''In-
chloride, '''In-oxine and !''In-tropolone, 10 MBq for '''In-oxine
labeled homologous blood cells, and 25 MBq for !!'In-anti-CEA-
F(ab’),. The labeling procedures for the platelets and leukocytes
were slight modifications of established methods (25,26), and the
labeling efficiency was 76% and 59%, respectively. The rats,
weighing approximately 240 g, were maintained on a standard
laboratory diet and water ad libitum in separate cages and were
killed 5 days after the injection by inhalation of carbon dioxide.
The activities in the animals at this time were 2-3 MBq.

Whole-Body Autoradiography Characteristics of '"'in

Indium-111 decays by electron capture with a half-life of 2.83
days (27). The mono-energetic conversion electrons from '''In
provide suitable characteristics for autoradiography (Table 1).
For a pre-exposure film experiment, a fine-grained x-ray film
(Structurix D7, Agfa-Geavert, Germany) was chosen for high
resolution in the autoradiographs. Film sheets were exposed from
20, 60 and 80 um thick sections from a pilot rat injected with
""In-oxine and prepared as described below.

Preparation of Whole-Body Sections

The method used for whole-body autoradiography has been
reviewed in detail elsewhere (28,29). Briefly, the dead animal was
immersed in a —70°C mixture of liquid hexane and solid carbon
dioxide for 5 min, and then transferred to a cold room at —20°C.
This was repeated for all the animals before the actual embedding.
The frozen animal was then accurately positioned horizontally
on a cryo-microtome stage surrounded by a metal frame, refrozen
in hexane into a block of carboxymethy! cellulose (CMC) gel for
1 hr and stored in the cold room until it reached the equilibrium

TABLE 1
Summary of Emitted Radiation During the Decay of '"'In*
Averageenergy  Yield  Range'
Radiations (keV) Bgs™) (um)
Photons

7 1713 0.905
¥2 2453 0.940
K., x-rays 231 0.680
Ks, x-rays 26.2 0.146

Conversion electrons 144.6 0.0841 194

168.0 0.0130 254

218.6 0.0503 386

2421 0.0097 445

* Auger electrons omitted. For the complete decay, see (27).
' Ranges are xgo-values, i.e., the radius of a sphere in which 90%
of the electron energy is absorbed (2).
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temperature (—20°C). Approximately 25 sagittal sections at var-
ious levels, both 20 and 60 um thick, were cut from all animals
with a cryo-microtome (LKB 2250). The sections were picked up
on an adhesive tape (Scotch 3M no. 810). The sections were
freeze-dried at —20°C and then attached to x-ray film and put
into cassettes. After an appropriate exposure time, the film and
section were separated and the film was developed (Kodak D-19)
and fixed (Kodak F-24).

Image Analysis Procedure

A computerized image analyzing system specifically adapted
for whole-body autoradiography was used for the quantification
of the autoradiographs and has been described in detail elsewhere
(7,30). Briefly, the image sampling device is a video camera
(Philips LDH 400/61) in an adjustable position above a light box
(Novalux A4E, Photron, Sweden). The video signal is transferred
to a microcomputer (Cromemco System 2-HD) via an image
digitizer (384 x 241 pixels and 256 grey levels). Using a digitizer
pad, regions of interest (ROIs) can be indicated on a stored image,
and the grey level distribution is displayed as a pixel histogram
(y-axis) as a function of the grey levels (x-axis). By using different
selected “windows” of the histograms, it is possible to scan the
grey level distribution and get detailed information about the
location, mean optical density, standard deviation of the optical
density and the number of pixels within the selected window.
The corresponding area is displayed in color on the original
image.

Calibration for Optical Density Measurement

To allow accurate measurements of the optical density over
the autoradiographs, a careful calibration of the image processing
system was performed before the analysis. A series of grey filters
representing known optical densities, including 0.10, 0.30, 0.50,
0.70 and 1.00 (Kodak Wratten gelatin filter no. 96, Eastman
Kodak Comp., Rochester, NY), was used to calibrate the grey
levels so that they matched the optical density. This procedure
was performed following a special calibration software routine
allowing for precise density measurements (7,30). Images of the
grey filters were sampled and the digitized images were divided
into several square subfields, from which locally adjusted calibra-
tion curves were calculated to give the true density for subsequent
measurements. A precision of within + 0.01 density unit is
possible to obtain.

Activity Standards

Optical density can be correlated to activity concentration if a
standard radionuclide staircase of several known activity concen-
trations is used to expose a reference film. A liver homogenate
was prepared from a fresh rat liver using a Potten-Elvejham
homogenizer. Aliquots of the homogenate were divided between
small plastic Ellermann-tubes, and accurately pre-calibrated !!'In-
oxine activities were added. The samples were allowed to incubate
for 30 min. The cell homogenates were then stored in a cooler.
A CMC-block was prepared by filling a microtome-stage form,
which was then frozen in hexane. In the cold room, holes, 6.3
mm in diameter, were drilled in the CMC-block to form small
wells. The homogenates, including one without activity, were
vortexed and centrifuged to remove air bubbles and put into the
wells with syringes. The block was then carefully refrozen. The
same procedure as above was performed for '''In-labeled whole
blood. The '''In staircase was cut in the same manner as the
animals in 20, 60 and 80 um thicknesses and put on film at the
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same time and with the same exposure time. After exposure, the
activity standards were measured for activity with a high-purity
germanium detector, HPGe (Canberra). Activity standards were
also made directly from animal sections.

Analysis and Quantification of Autoradiographs

The mean optical densities of the various autoradiographs of
the '''In staircase were determined as above, and the correspond-
ing cumulated activities per area unit and per mass unit were
calculated. The cumulated activity, A, is the time-integrated
decays during the time of exposure, i.e., the number of disinte-
grations in the source of interest during exposure of the film:

o 2 Ao

where A (t,, t,) is the number of disintegrations between t, and t,
(Bq h), A, is the activity at start of exposure (Bq) and A is the
physical decay constant (s™').

The spatial resolution of the autoradiographs was analyzed by
placing a digital profile across an !''In standard autoradiograph
and examining the density profile, i.e., the distribution of silver
grains from the edge of the source and outward (Fig. 1). The
distance from the edge to the point where the optical density has
decreased to half was defined as the spatial resolution.

All animal autoradiographs were examined qualitatively, and
selected autoradiographs were analyzed quantitatively. ROIs were
drawn on interesting tissues and organ parts and the correspond-
ing grey level histogram, now given as the number of pixels with
a specific optical density, was examined in detail. Normally four
different sagittal levels of a selected organ or tissue part were
analyzed digitally for activity concentration and the degree of
heterogeneity.

RESULTS

Activity Calibration

The pre-exposure film test showed that for the activities
chosen two weeks of exposure was well suited to the
activity concentrations in the tissue sections, with no parts

- A

of a section being overexposed. Control exposure from
sections without activity did not result in any blackening
of the film. The spatial resolution, analyzed from a digital
profile across an '''In standard autoradiograph, was esti-
mated to be approximately 100 um for 20 um thick
sections (Fig. 1). For both 60 and 80 um thick sections,
the resolution was determined to be approximately 150
um.
The calibration of the film using '!''In-oxine-labeled
blood and liver homogenate sources resulted in curves of
similar characteristics. Figure 2 shows the optical density
as a function of the log exposure, given as the cumulated
activity, A, (kBq h) per mass unit, m, (mg). The maximum
slope of the curve is almost the same for the 60 and 80
um sections, whereas 20 um sections seem to underexpose
the film for small cumulated activities, <10 kBq h mg™!,
thus resulting in poorer image contrast. Although we failed
to reach the “knee” of the curves, which should be just
above 1.0, the range suitable for autoradiography appears
to be 0.1-1.0 optical density, where the best image contrast
will be obtained. Activity standards made directly from
animal sections supported the optical density results ob-
tained from the '''In staircase (results not shown). The
absorption of radiation within the sections is also illus-
trated in Figure 2, in which the distance between the curves
is decreased if the corresponding thickness of the sections
is increased. A standard curve may be established as a log-
log relationship between optical density (OD) and the
exposure, i.e., cumulated activity per mass unit (kBq h
mg™") (Fig. 3). The expression for the linear portion of the
curve can be written as:

~

log(OD) = k-log(-%) +1, Eq.2

where | is the y-axis intercept and k is the slope of the
curve. A computer-generated linear regression of the
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FIGURE 1. Graph of the relative optical density demonstrating the edge-spread function obtained from one of the 20 um activity
standards. A digital profile was layed across the autoradiograph (A) to measure the spatial resolution, which may be defined as the
half density distance. The spatial resolution was found to be approximately 100 um and 150 um for 20 (B) and 60 um sections,
respectively, where 100 um approximately corresponds to a 1-pixel length.
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Optical Density
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Cumulated Activity (kBq h/mg)

FIGURE 2. Response curves showing the optical density (OD)
as a function of log exposure, i.e. cumulated activity per unit
mass, for a section thickness of 20 um (circles), 60 um (triangles)
and 80 um (squares). Each data point is the mean of three
measurements, and the uncertainty is given as the standard
deviation of the OD calculated by the software.

curves gives the “density-activity” relationships which were
used in the analysis of all rat autoradiographs (Table 2).
These equations may then be used for '''In sections ex-
posing the Structurix film used, regardless of the time of
exposure. To obtain the activity content (kBq mg™') in a
tissue section, the cumulated activity is simply divided by
the number of disintegrations during the exposure, i.e., the
time-integrated decays.

Activity Distribution in Whole-Body Autoradiography
The patterns of the activity distribution were found to

be almost the same, regardless of the radiopharmaceutical

injected (Fig. 4). After intravenous injection of '''In-chlo-

Optical Density
o

[=d

o

=
T

0.1

1 10
Cumulated Activity (kBq h/mg)

FIGURE 3. Standard curve presented as a log-log plot of log
(OD) versus log (A/m) of """In liver standards. Section thicknesses
are 20 um (circles) and 60 um (triangles). The expression for the
linear part of the curve can be represented as log(OD) = k-log(A/
m) + |, which was used for transposing optical density measure-
ments to cumulated activity.
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TABLE 2
Relationship Between Optical Density (OD) and Cumulated
Activity Estimated from Data in Figure 3*

Equation: Y = kX + | P

20 um: log(OD) = (1.05 + 0.06)-log(A/m) — (1.79 + 0.08) 0.99
60 um: log(OD) = (1.02 + 0.06)-log(A/m) — (1.45 + 0.09) 0.98

* The uncertainty values are the estimated standard error of decli-
nation coefficient and y value, respectively.

ride, '''In-oxine or !''In-tropolone, the activity was highly
concentrated in fast dividing tissues, such as the bone
marrow, bowel walls, testes, skin and the pulp cavity of
the incisor teeth. High concentrations of activity were also
found in the liver, spleen, kidneys and lymph nodes,
whereas medium activity contents were found in the mus-
cles, lungs and cardiac muscle. No blackening at all could
be seen over the brain, skeletal bone or in the intestinal
contents. One major difference between the substances
was the rate of blood elimination, which has been found
to be delayed after injection of '''In-oxine (22). This is
because '''In-oxine very rapidly labels circulating eryth-
rocytes, resulting in a longer retention time. For the other
substances, blood elimination was faster and no activity
can be seen in the blood on Day 5 in the case of chloride
and F(ab’),, while only a minor fraction is seen in the case
of tropolone (compare the heart chambers in Fig. 4, panels
A, C,D and E).

A marked heterogeneous distribution of '''In activity
was found in some organs, such as the liver, spleen, kidney,
lymph nodes and testes. Figure 5 shows magnifications of
parts of the whole-body autoradiographs. The activity in
those organs accumulated in a complex pattern showing
discrete histologic parts. In the spleen (Fig. 5A), the activity
was mainly localized in the red pulp, and in the kidney
(Fig. 5B) a markedly heterogeneous activity accumulation
can be observed in the cortex, whereas the medulla shows
only slight uptake. A noticeably grainy pattern is evident
in the liver (Fig. 5C) where the activity localized mainly
to specific regions. The white areas in the liver indicate
activity-free blood vessels. Note in the same image that in
the gastrointestinal system the activity is associated only
with the walls. In the bone marrow (Fig. 5D), as well as in
the lymph nodes (Fig. 5E) several hot spots were found.
The skeleton also seen in Figure SD shows almost no
activity. The testes (Fig. SF) finally show a complex activity
pattern that is probably associated with the tubules of the
testes.

Quantification of Whole-Body Autoradiography

The autoradiographic results are consistent with pre-
vious biodistribution studies of the same substances (22,
23), and activity concentrations are of the same magni-
tude. In Table 3, the uptake values estimated from the
autoradiographs using the calibration in Figure 3 are given
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FIGURE 4. Autoradiographs of sections from rats
5 days after injection of: (A) '"'In-chloride, (B-C) '"'In-oxine, (D)
"in-tropolone and (E) '"'In-anti-CEA-F(ab’),. The dark areas
indicate the presence of activity and show that several tissues
have accumulated a significant amount of '*'in. Note that several
organs and tissues that have taken up activity are characterized
as fast proliferating, e.g., bone marrow, testes, intestinal walls,
skin and the pulp cavity of the incisor teeth. BM = bone marrow;
| = intestines; K = kidneys; S = spleen; L = lungs; H = heart;
LN = lymph nodes; V = vertebrae; B = brain; IT = inscisor teeth;
F = femur; A = aorta; AD = adrenals; C = colon (note the
constriction for the formation of stool, arrow in panel C). In the
case of '"'In-oxine, the higher blood activity compared with the
other radiopharmaceuticals is clearly shown.

as the % g~ tissue per injected activity and are corrected
for physical decay to the time of administration.

The '"'In distribution in organs and parts of organs was
measured as the mean optical density. This should corre-
spond to a criterion of the mean absorbed dose to the
organ if the activity were uniformly distributed throughout

Tissue Distribution of Indium-111 ¢ Jénsson et al

the whole organ and a proportional relationship were valid.
The activity distribution was, however, highly heteroge-
neous in several organs. This heterogeneity was evaluated
in the ROI for each tissue as the percentage of pixels in
that tissue area above or below the average optical density
(corresponding to the average activity after calibration) in
the organ section. Values for liver, spleen, bone marrow
and inguinal lymph nodes are presented in Table 4. The
values are ratios, given in intervals of 0.25, and are the
mean of three to four autoradiographic section levels. It
can be seen that most of the pixels correspond to an optical
density adjacent to the average optical density. For some
substances and tissues, however, a relatively large fraction
of the drawn ROI deviates considerably from the average
optical density. Among several organs in which the heter-
ogeneous activity distribution is easily discernible, are the
spleen and the kidney (Fig. SA-B). In these two organs,
all '""In substances studied accumulated significantly in
discrete structures. For chloride, oxine and tropolone, the
"'In activity was on the average trapped by 69% * 9% (1
s.d., n = 17) of the spleen volume (estimated from the
autoradiographic area) identified as the red pulp. The
white pulp (31% + 9%) was without activity. For anti-
CEA-F(ab’),, 56% of the spleen was labeled, while the
value for '''In-leukocytes was 80%. In the kidney, the
cortex accumulated most of the '''In activity (Fig. 5B).
Scanned pixel-histograms for chloride, oxine, tropolone
and anti-CEA-F(ab’), were converted to the percentage of
the tissue area with a specific optical density relative to the
optical density averaged over the whole ROI and are
presented as bar diagrams in Figure 6. In the case of CEA-
F(ab’),, it can be seen that the ratio between the hot spots
in the cortex and the cold area in the medulla is close to a
factor 10.

DISCUSSION

Previous studies have indicated substantial '''In accu-
mulation with long retention times in several tissues after
administration of '''In-labeled substances (22,23). In this
investigation, a noticeable heterogeneous distribution of
""'"In was found in both expected and unexpected tissues
of the rat body. The pattern was almost the same, regard-
less of which !''In radiopharmaceutical was administered.
The activity accumulated strongly in fast dividing tissues,
like the bone marrow, intestinal walls, testes, skin and the
pulp cavity of the incisor teeth. High concentrations of
activity were also found in the liver, spleen, kidneys and
lymph nodes. Many physiologic and biochemical factors
influence the in vivo localization and retention of a radi-
olabeled compound. The elimination of '''In from several
tissues is prolonged, which indicates an almost irreversible
labeling to organ cells. It has been shown that ionic indium,
like iron and gallium isotopes, is trapped by transferrin in
the plasma (8,31) and forms a stable indium-transferrin
complex. In the course of time, transchelation to transfer-
rin from different radiochelates (32) and antibodies (33)
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FIGURE 5. Detailed parts from whole-
body autoradiographs showing markedly
heter s activity distribution. (A)
Spieen, (B) Kidney, (C) Liver and intestinal
walls, (D) Bone marrow in femur (s = skel-
eton bone), (E) inguinal lymph nodes and
(F) testes. See Tables 3 and 4 for quanti-
tative information.

takes place in vivo. It is likely that '''In-transferrin iden-
tifies cells expressing transferrin receptors (34,35) and it is
possible that '''In-transferrin is taken up by receptor-
mediated endocytosis (36,37). This assumption is sup-
ported quite well by the significant accumulation in fast
dividing tissues, the cells of which express a large number
of transferrin receptors (38), thus making them potential
targets for !!'In-transferrin.

The results in the present study represent situations in
which calculation of the absorbed dose based on recom-
mended methods may underestimate the absorbed dose to
fractions of cell clusters or single cells in a specific organ
because of a heterogeneous activity distribution. This is
especially the case in situations where radionuclides emit-
ting low energy electrons are internalized into the cyto-
plasm and nucleus of a cell. This is particularly serious if
the cells for which the absorbed doses are underestimated
are radiosensitive cells, such as hematopoetic stem cells in

the red bone marrow or germ cells in the reproductive
system. At the same time, however, the absorbed dose to
cells in activity-free regions will be overestimated, which
is obvious in the white pulp of the spleen or the kidney
medulla in this study. Other tissues of special interest are
the lymphatics. It was found that a significant accumula-
tion took place in different lymphatic organs, i.e., the
lymph nodes, spleen and cecum. The lymph nodes and
the spleen are of special radiobiological interest and the
former are not currently considered in absorbed dose
estimations (3).

The '"'In distribution in organs and parts of organs was
measured as the mean optical density. As shown above, it
is possible to transform the measured optical density to
cumulated activity (kBq h) per unit area or per unit mass.
The activity concentration for specific regions may then
be calculated and used as basic data for the calculation of
macroscopic absorbed doses to, for example, large cell

TABLE 3
Activity (% g~") in Organ Sections at the Time Animals Were Killed*
"Inabeled compound
Organ Chloride Oxine Tropolone F(ab’). Leukocytes Platelets
Liver 1.6 2.7 15 1.0 2.6 2.8
(1.2-2.3¢ (2.0-3.6) (1.1-2.1) (0.8-1.5) (2.0-3.4) (2.3-3.7)
Spieen 3.6 42 43 3.6 19.6 346
(2.5-5.5) (3.1-5.8) (3.2-6.0) (2.8-5.0) (14.0-28.7) (24.2-51.4)
Bone marrow 19 1.6 20 1.1 —_ 23
(1.4-2.8) (1.2-2.1) (1.5-2.8) (0.9-1.5) (1.9-2.9)
Lymph nodes 2.6 44 3.1 0.7 —_ _
(1.9-3.8) (3.2-6.2) (2.3-4.4) (0.5-0.9)
Kidneys 3.8 35 3.2 8.9 — —
(2.6-5.5) (2.6-4.8) (2.4-4.5) (6.3-13.1)
Testes 0.5 0.5 0.7 0.7 — —
(0.4-0.6) (0.4-0.7) (0.5-0.9) (0.5-0.8)
Intestinal wall 0.8 2.0 13 0.7 —_ —_
(0.6-1.2) (1.6-2.7) (1.0-1.7) (0.5-0.9)

* Values corrected for physical decay.
 Mean of four analyses at different section levels.

* Figures in parentheses are the lowest and highest value with respect to the uncertainties (estimated standard errors) in the relationships

in Table 2.
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TABLE 4
Percentage of Pixels in a Tissue Area (a Drawn ROI) Above or Below the Average Optical Density (Corresponding to the
Average Activity After Calibration) in the Organ Section

% ROI
Interval
Tissue/Substance <0.5 0.5-0.75 0.75-1.0 1.0-1.25 1.25-1.50 >1.5
Liver
"In-chloride — 3.2 43.8 40.2 128 —
"In-In-oxine 4.4 — 40.3 47.0 8.3 —
""in-tropolone 2.8 15.6 32.0 33.0 145 21
"In-F(ab’), 8.8 — 446 36.8 7.6 2.2
"in-leukocytes 120 — 53.3 —_ 32.6 2.1
"in-platelets 20.2 — 22.0 35.4 — 22.8
Spleen
"In-chloride —_ 234 27.8 34.3 145 —_
"n-oxine 341 10.1 33.8 25.8 248 24
"in-tropolone 14 8.5 37.9 28.6 23.6 —
"In-F(ab’), 8.3 16.2 28.0 22.2 15.3 10.0
"in-leukocytes 3.6 194 23.9 27.3 20.6 5.2
"Min-platelets 6.4 124 21.3 34.6 228 25
Bone marrow
"in-chloride — 184 38.8 28.6 1.7 33
"Min-oxine 3.1 242 26.7 319 11.8 23
"In-tropolone — 33.7 29.5 220 1.7 3.1
"in-F(ab’). 37 21.7 20.0 31.7 20.5 24
"in-platelets 244 — 29.0 30.8 — 15.8
Lymph nodes
"In-chloride 21.0 13.6 15.1 18.5 20.3 115
"In-oxine 28 7.0 424 22.3 20.3 5.2
"In-tropolone 8.7 21.6 17.0 23.6 17.7 114
"In-F(ab’), 21 29.6 49.0 18.2 — 1.1

Uncertainty in values is approximately + 20%.

Values are given ratios in intervals of 0.25, and are the mean of three to four autoradiographic section levels.

clusters with an appropriate cell-to-cell calculations
method (39,40). The increased interest in activity distri-
butions at the cellular level, in both radiation protection
research and in radionuclide therapy, requires suitable
techniques for such studies. Experimental efforts have been
made to evaluate three-dimensional dosimetry (41,42) and

combine quantitative autoradiography with in vivo micro-
thermoluminescence dosimeter measurements for radio-
immunotherapy (43,44). Estimations of the energy im-
parted to individual cells that have accumulated activity
can be made, however, only from micro-autoradiographic
experiments showing exact localization. The purpose of
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this study was to make a detailed investigation of the
whole-body distribution of some common '''In com-
pounds using quantitative autoradiography, while espe-
cially concentrating on estimating the magnitude of the
heterogeneously distributed activity in different tissues. In
forthcoming papers (45,46), we confirmed and qualita-
tively determined the cellular and subcellular localization
of indium in testes and red bone marrow cells.

In conclusion, quantitative macro-autoradiography of -
fers a technique that makes it possible to study the non-
uniform distribution of a radioactive compound in tissues
and to estimate its activity concentration in detail. We
have shown that '''In accumulation is markedly hetero-
geneous in numerous organs and tissues, particularly in
rapidly proliferating tissues. Studies of cellular and subcel-
lular localization of indium and other radionuclides in
those tissues should be of great value for the future of this
new approach to radiation protection.
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EDITORIAL

Quantitative Autoradiography for the Study of Radiopharma-
ceutical Uptake and Dose Heterogeneity

he calculation of absorbed dose

estimates is standard practice to
help assess risk of injury or probability
of therapeutic efficacy in the diagnos-
tic and therapeutic use of radiophar-
maceuticals. Even though tissues vary,
the response of a single tissue type to
a uniform absorbed dose delivered un-
der identical conditions is highly cor-
related with dose magnitude. The
Medical Internal Radiation Dose
(MIRD) Committee has developed a
methodology for calculating organ
doses (1) which is often used to cal-
culate “average” doses using the sim-
plified assumptions of uniform activ-
ity density and homogeneous organ
composition, known as the uniform
isotropic model. Use of this simplified
model is widespread. However, due
primarily to the observed heterogene-
ity of radiopharmaceutical uptake in
tissues (2-35), there is growing evi-
dence of its inadequacy.

If the average dose calculations
were a valid predictor of effect, there
should be a simple relationship be-
tween external beam irradiation
(XRT) and radioimmunotherapy
(RIT). A recent review of XRT/RIT
comparisons (6) listed relative effi-
ciencies of tumor growth delay to
range between 0.3 and 3.3. Possible
reasons noted for a decreased effi-
ciency of RIT relative to external
beam were: (1) dose rate effect (7);
and (2) dose heterogeneity. Possible
reasons for an increased efficiency
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were: (1) enhanced reoxygenation
with RIT; (2) RIT preferentially tar-
geting rapidly proliferating cells; (3)
cell cycle redistribution with accu-
mulation in the radiosensitive G2
phase; (4) cell geometric effect (8);
and (5) RIT contribution to increased
tumor vascular permeability. This il-
lustrates the current uncertainties in
the use of calculated dose values using
the uniform isotropic model: there ap-
pears to be a very tenuous relationship
between average dose and outcome
with many potential correction factors
of uncertain magnitude.

The general MIRD committed
methodology does allow for the use of
nonuniform activity distributions in
source regions and nonuniform size
and density of target regions (/). How-
ever, the greatest obstacle for the use
of more realistic models is the collec-
tion of accurate input data. A recent
editorial (9) on the MIRD approach
recommends the use of improved
measurement techniques for the de-
termination of activity density values
at both the cellular and multi-cellular
levels for the study of the dosimetric
consequences of nonuniform activity
distributions. The time variations of
the activity distributions can also be
significant (5). The MIRD method-
ology includes provisions for the time
dependence; but, again, the calcula-
tion of a dose distribution for a time-
dependent inhomogeneous activity
distribution requires a substantial
quantity of input data.

Quantitative autoradiography
(QAR) can be used to determine the
activity density distributions for the

whole body, individual organs and tu-
mors. The film optical density scale is
calibrated using standards of known
activity density, allowing the calcula-
tion of activity densities from the au-
toradiograph data. The quality of the
autoradiograph is dependent on the
type of film and the type of emitted
radiation. The autoradiograph film is
typically digitized using an imaging
system or optical densitometer. The
spatial resolution of the autoradi-
ograph and the pixel size of the digi-
tizer are important parameters. The
need for high spatial resolution is dic-
tated by the penetrating ability of the
emitted radiation. The digitizer pixel
size should be small compared to the
distance of significant gradient of the
optical density distribution due to its
logarithmic dependence on relative
light intensity (/0). Very short range
radiations (e.g., Auger emitters or al-
pha particles) require activity infor-
mation at the cellular level (<10 um)
(11) as input for microdosimetry cal-
culations. For longer range particles,
calculations averaged over many cells
(~100 um) is adequate (multicellular
dosimetry (12)). To obtain the re-
quired resolution, the range of the
radiations used to produce the auto-
radiograph must be at least as short as
the range of the radiations for which
calculations are being performed. The
use of low-energy, short-range sources
for QAR requires special calibration
procedures (13).

In this issue of JNM, Jonsson et al.
(14) use whole-body quantitative ma-
cro-autoradiography (WBQAR) to
study the distribution of uptake in rats
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