
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 radionucide therapy, requires
suitable and detailed studies of the biokinetics and the
biodistribution of radionucides 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 ofa 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 (5â€”
7).

One radionuclide of specific interest is â€˜â€˜â€˜Inbecause of
its in vivo similarities with iron in binding to the plasma
protein transferrmn(8) and its significant accumulation in
the liver, spleen and bone marrow (9,10). Indium-! 11 has
a wide use in diagnostic nuclear medicine for labeling of
blood cells (1 1) and monoclonal antibodies (12â€”14). In
addition, â€˜â€˜â€˜In-chloridehas also been tried for the diagnosis
of tumors (15,16) and for bone marrow scintigraphy (17â€”
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 â€˜â€˜â€˜Incompounds in rats after intravenous ad
ministration (22,23), and it has been shown that â€˜â€˜â€˜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 â€˜â€˜â€˜Inradiopharmaceuticals and agents
used for labeling, which represent different stability prop
erties and biokinetics (22,23). The study was designed to

In lightof 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 111ln
chloride, -oxine, -tropolone, 111ln-labeled homologous blood
cells and 111ln-anti-CEA-F(ab')@,using quantitative whole
body autoradiography. Quantificationwas perlormed utilizing
an image analyzing system designed for whole-body autora
diographs.Veryheterogeneousactivitydistributionwasfound
in several tissues including the liver, spleen, kidneys, bone
marrow, lymphnodes and testes. Notable was the high 111ln
uptake in organs characterized as rapidly proliferating,and
known to have numerous transfemn 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 radionuclidesemittingbeta-particlesor lowenergyelec
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.

J NucI Med 1992; 33:1825-1833

ecommendations for calculating the absorbed dose
to organs or tissues from radionuclides administered in
the course ofdiagnostic medical procedures are well estab
lished (1â€”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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TABLEISummary
of Emitted Radiation Duringthe Decayof@ln*Average

energyYieldRangetRadiations(key)(Bq

@1)(sm)Photons

* Auger electrons omitted. For the complete decay, see (27).

t Ranges are x90-values, i.e., the radius of a sphere in which 90%

oftheelectronenergyisabsorbed(2).

quantify the activity in tissues by means of digital whole
body image analysis.

MATERIALS AND METHODS

Animalsand 111InSubstances
Six male Wistar rats (MOELLEGAARD Breeding Centre,

Denmark) were intravenously injected with one of the following
substances: â€˜â€˜â€˜In-chloride,â€˜â€˜â€˜In-TRIS-8-hydroxyquinoline(ox
me), â€˜â€˜â€˜In-2-hydroxy-2,4,6-cycloheptatrenine(tropolone), â€œIn
oxine-labeled platelets or mixed leukocytes, and finally an â€œIn
anti-CEA-F(ab')2, BW43!/3!, (ScintimunÂ®,Behringwerke, Mar
burg, Germany). Injected â€˜â€˜â€˜Inactivities were !8 MBq for â€œIn
chloride, â€˜â€˜â€˜In-oxineand â€˜â€˜â€˜In-tropolone,10 MBq for â€˜â€˜â€˜In-oxine
labeledhomologousbloodcells,and 25 MBqfor â€˜â€˜â€˜In-anti-CEA
F(ab')2. The labeling procedures for the platelets and leukocytes
were slight modifications ofestablished 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 2â€”3MBq.

Whole-Body Autoradiography Characteristics of 111In
Indium-i 11 decays by electron capture with a half-life of 2.83

days (27). The mono-energetic conversion electrons from â€˜â€˜â€˜In
provide suitable characteristics for autoradiography (Table !).
For a pre-exposure ifim experiment, a fine-grained x-ray ifim
(Structurix D7, Agfa-Geavert, Germany) was chosen for high
resolution in the autoradiographs. Film sheets were exposed from
20, 60 and 80 j@mthick sections from a pilot rat injected with
â€˜â€˜â€˜In-oxine and prepared as described below.

Preparationof Whole-BodySections
The method used for whole-body autoradiography has been

reviewed in detail elsewhere (28,29). Briefly, the dead animal was
immersed in a â€”70C mixture ofliquid hexane and solid carbon
dioxide for 5 mm, and then transferred to a cold room at â€”20Â°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 carboxymethyl cellulose (CMC) gel for
1 hr and stored in the cold room until it reached the equilibrium

temperature (â€”20Â°C).Approximately 25 sagittal sections at var
ious levels, both 20 and 60 @mthick, were cut from all animals
with a cryo-microtome (LKB 2250). The sections were picked up
on an adhesive tape (Scotch 3M no. 8!0). The sections were
freeze-dried at â€”20Â°Cand then attached to x-ray film and put
into cassettes. After an appropriate exposure time, the film and
sectionwereseparatedand the filmwasdeveloped(KodakD-!9)
and fixed (Kodak F-24).

Image Analysis Procedure
A computerizedimage analyzingsystem specificallyadapted

for whole-body autoradiography was used for the quantification
ofthe 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(CromemcoSystem2-HD) viaan image
digitizer (384 x 24! pixels and 256 grey levels). Using a digitizer
pad, regions ofinterest (ROIs) can be indicated on a stored image,
and the grey level distribution is displayed as a pixel histogram
(y-axis) as a function ofthe grey levels (x-axis). By using different
selected â€œwindowsâ€•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 measurementsof the optical density over

the autoradiographs, a careful calibration ofthe image processing
systemwasperformedbeforethe analysis.A seriesof greyfilters
representing known optical densities, including 0.!0, 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 Â±0.01 density unit is
possible to obtain.

Activity Standards
Opticaldensitycan be correlatedto activityconcentrationif 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 E!lermann-tubes, and accurately pre-calibrated â€œIn
oxine activities were added. The samples were allowed to incubate
for 30 mm. The cell homogenates were then stored in a cooler.
A CMC-blockwas prepared by fillinga microtome-stageform,
which was then frozen in hexane. In the cold room, holes, 6.3
mm in diameter, were drilled in the CMC-blockto form small
wells. The homogenates, including one without activity, were
vortexedand centrifugedto removeair bubblesand put into the
wells with syringes. The block was then carefully refrozen. The
same procedure as above was performed for â€˜â€˜â€˜In-labeledwhole
blood. The â€˜â€˜â€˜Instaircase was cut in the same manner as the
animals in 20, 60 and 80 @mthicknesses and put on film at the

171.30.905245.30.94023.10.68026.20.146144.60.0841194168.00.0130254218.60.0503386,y1
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same time and with the same exposure time. After exposure, the
activitystandards were measured for activitywith a high-purity
germanium detector, HPGe (Canberra). Activity standards were
also made directly from animal sections.

Analysis and Quantification of Autoradiographs
The mean optical densitiesof the variousautoradiographsof

the â€˜â€˜â€˜Instaircase 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 ofinterest during exposure ofthe film:

A(t,, t2)= A0,f'2 e_Xtdt= @[eAt@eXt2], Eq. !

whereA (t,, t2)is the number ofdisintegrationsbetweent, and t2
(Bq h), A0 is the activity at start of exposure (Bq) and A is the
physical decay constant (s').

The spatialresolutionofthe autoradiographswasanalyzedby
placing a digital profile across an â€˜â€˜â€˜Instandard autoradiograph
and examiningthe densityprofile,i.e., the distribution of silver
grains from the edge of the source and outward (Fig. !). The
distance from the edge to the point where the optical density has
decreased to halfwas defined as the spatial resolution.

All animal autoradiographs were examined qualitatively, and
selectedautoradiographswereanalyzedquantitatively.ROIswere
drawn on interesting tissues and organ parts and the correspond
inggreylevelhistogram,now givenas the number of pixelswith
a specificopticaldensity,wasexaminedin detail.Normallyfour
different sagittal levels of a selectedorgan or tissue part were
analyzed digitally for activity concentration and the degree of
heterogeneity.

RESULTS

Activfty Calibration
The pre-exposure ifim 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

of a section being overexposed. Control exposure from
sections without activity did not result in any blackening
ofthe film. The spatial resolution, analyzed from a digital
profile across an â€˜â€˜â€˜Instandard autoradiograph, was esti
mated to be approximately 100 @mfor 20 @imthick
sections (Fig. 1). For both 60 and 80 @imthick sections,
the resolution was determined to be approximately 150

@m.
The calibration of the ifim using â€œIn-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

@msections, whereas 20 @msections 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 â€œkneeâ€•of the curves, which should be just
above 1.0, the range suitable for autoradiography appears
to be 0. !â€”1.0optical density, where the best image contrast
will be obtained. Activity standards made directly from
animal sections supported the optical density results ob
tamed from the â€˜â€˜â€˜Instaircase (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 .lo@(@ + 1,
@mj

Eq. 2

where 1 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. Graphof the relativeopticaldensitydemonstratingthe edge-spreadfunctionobtainedfromoneof the 20 @mactivity
standards. A digital profile was layed across the autoradiograph (A)to measure the spatial resolution, which may be defined as the
halfdensity distance. The spatial resolutionwas found to be approximatelyi 00 @mand i 50 @mfor 20 (B)and 60 @msections,
respectively,where i 00 Mmapproximatelycorresponds to a i -pixellength.
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TABLE2Relationship
Between Optical Density (00) andCumulatedActivity

Estimated from Data in Figure3*Equation:

V = kX + Ir@

1.2

U)
C
0,

c@0.6
Cu
0

0.0 0.4

20 @m:109(00)= (1.05 Â±0.06).log(A/m) â€”(1.79 Â±0.08) 0.99
60 @m:log(OO)= (1.02 Â±0.06). log(A/m) â€”(1.45 Â±0.09) 0.98

* The uncertainty values are the estimated standard error of dec11-

nation coefficientand y value, respectively.

ride, â€˜â€˜â€˜In-oxineor â€˜â€˜â€˜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 ofactivity were also
found in the liver, spleen, kidneys and lymph nodes,
whereas medium activity contents were found in the mus

des, 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 â€˜â€˜â€˜In-oxine(22). This is
because â€˜â€˜â€˜In-oxinevery 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')2, while only a minor fraction is seen in the case
oftropolone (compare the heart chambers in Fig. 4, panels
A, C, D and E).

A marked heterogeneous distribution of â€˜â€˜â€˜Inactivity
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. SB) 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. SC) 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. SD), as well as in
the lymph nodes (Fig. SE) 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

0.2

0
0.1 1 10

Cumulated Activity(kBq h/mg)

FIGURE 2. Responsecurvesshowingtheopticaldensity(OD)
as a functionof log exposure, i.e. cumulated activityper unit
mass, for a section thickness of 20 @im(circles), 60 @m(triangles)
and 80 @m(squares). Each data point is the mean of three
measurements, and the uncertainty is given as the standard
deviation of the 00 calculated by the software.

curves gives the â€œdensity-activityâ€•relationships which were
used in the analysis of all rat autoradiographs (Table 2).
These equations may then be used for â€˜â€˜â€˜Insections 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 ofdisintegrations 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 â€˜â€˜â€˜In-chlo

Cl)

@ 0.1
0
CO
0

0.
0

0.01

â€¢

0.1 1 10

Cumulated Activity (kBq h/mg)
100

FIGURE 3. Standardcurvepresentedas a log-logplotof log
(OO)versus log (A/m)of @lnliver standards. Section thicknesses
are 20 @m(circles) and 60 @m(triangles). The expression for the
linearpartofthecurvecanberepresentedaslog(OD)= k.Iog(A/
m) + I, which was used for transposing optical density measure
ments to cumulated activity.
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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
canbeseenthatmostofthepixelscorrespondto anoptical
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. SAâ€”B).In these two organs,
all â€˜â€˜â€˜Insubstances studied accumulated significantly in
discrete structures. For chloride, oxine and tropolone, the

I@ â€˜In activity was on the average trapped by 69% Â± 9% (1

s.d., n = 17) of the spleen volume (estimated from the
autoradiographic area) identified as the red pulp. The
white pulp (31% Â±9%) was without activity. For anti
CEA-F(ab')2, 56% of the spleen was labeled, while the
value for â€˜â€˜â€˜In-leukocyteswas 80%. In the kidney, the
cortex accumulated most of the â€˜â€˜â€˜Inactivity (Fig. SB).
Scanned pixel-histograms for chloride, oxine, tropolone
and anti-CEA-F(ab')2 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')2, 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
factor10.

DISCUSSION

Previous studies have indicated substantial â€˜â€˜â€˜Inaccu
mulation with long retention times in several tissues after
administration of â€˜â€˜â€˜In-labeledsubstances (22,23). In this
investigation, a noticeable heterogeneous distribution of
â€˜I â€˜In was found in both expected and unexpected tissues

of the rat body. The pattern was almost the same, regard
less of which â€˜â€˜â€˜Inradiopharmaceutical 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 â€˜â€˜â€˜Infrom 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 oftime, transchelation to transfer
rin from different radiochelates (32) and antibodies (33)
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FIGURE 4. Autoradiographsofwhole-bodysectionsfromrats
5 days after injection of: (A) 1â€•ln-chloride,(Bâ€”C) @ln-oxine,(0)
â€œ1ln-tropoloneand (E) @ln-anti-CEA-F(ab')@.The dark areas
indicatethe presence of activityand show that several tissues
have accumulateda significantamountof @In.Notethat several
organs and tissues that have taken up activity are characterized
as fast proliferating,e.g., bone marrow,testes, intestinalwalls,
skinand the pulpcavityof the incisorteeth. BM= bone marrow;
I = intestines; K = kidneys;S = spleen; L = lungs; H = heart;
LN= lymphnodes;V = vertebrae;B= brain;IT= inscisorteeth;
F = femur; A = aorta; AD = adrenals; C = colon (note the
constrictionfor the formationof stool, arrow in panel C). In the
case of 1â€•ln-oxine,the higher blood activity compared with the
other radiopharmaceuticalsis clearlyshown.

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

The â€˜â€˜â€˜Indistribution 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 ifthe activity were uniformly distributed throughout
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Organ Chloride Oxine Tropolone F(ab')@ Leukocytes Platelets

* Values corrected for physical decay.

t Mean of four analyses at different section levels.

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

in Table 2.

Uver

.@

CA
FiGURE 5. Detailedpartsfromwhole
body autoradkgraphs showing markedty
heterogeneous activity distribution. (A)
Spleen, (B) Kidney, (C) Uver and intestinal
walls, (D) Bone marrow in femur (s = skel
etonbone),(E) inguinallymphnodesand
(F) testes. See Tables 3 and 4 for quanti
tative information. D E

takes place in vivo. It is likely that â€˜â€˜â€˜In-transferriniden
tifies cells expressing transferrin receptors (34,35) and it is
possible that â€˜â€˜â€˜In-transferrinis 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 â€˜â€˜â€˜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 radionucides 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 â€˜â€˜â€˜Indistribution 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 (% gâ€”1)in Organ Sections at the Time Animals Were Killed*

â€œâ€˜In-labeledcompound

i.6@2.71.51.02.62.8(1
.2â€”2.3)@(2.0â€”3.6)(1 .iâ€”2.1)(0.8â€”i.5)(2.0â€”3.4)(2.3â€”3.7)Spleen3.6

(2.5â€”5.5)4.2 (3.1â€”5.8)4.3 (3.2â€”6.0)3.6 (2.8â€”5.0)19.6 (14.0â€”28.7)34.6(24.2â€”51.4)Bone
marrowi .9

(1.4â€”2.8)1
.6

(1.2â€”2.1)2.0 (1.5â€”2.8)1
.1

(0.9â€”1.5)â€”2.3(1.9â€”2.9)Lymph
nodes

Kidneys

Testes2.6

(1.9â€”3.8)
3.8

(2.6â€”5.5)
0.5

(0.4â€”0.6)4.4

(3.2â€”6.2)
3.5

(2.6â€”4.8)
0.5

(0.4â€”0.7)3.1

(2.3â€”4.4)
3.2

(2.4â€”4.5)
0.7

(0.5â€”0.9)0.7

(0.5â€”0.9)
8.9

(6.3â€”13.1)
0.7

(0.5â€”0.8)â€”Intestinal
wall0.8

(0.6â€”i.2)2.0 (1.6â€”2.7)1
.3

(1.0â€”i.7)0.7 (0.5â€”0.9)
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%ROlIntervalTissue/Substance

<0.50.5â€”0.750.75â€”i .01 .0â€”1.251 .25â€”i.50>1.5Liverâ€œ1In-chloride

â€”3.243.840.212.8â€”@ln-In-oxine
4.4â€”40.347.08.3â€”â€œ11n-tropolone

2.8â€˜15.632.033.014.52.1111In-F(ab')@
8.8â€”44.636.87.62.21@ln-leukocytes
12.0â€”53.3â€”32.62.1â€œ1ln-platelets

20.2â€”22.035.4â€”22.8Spleenâ€œâ€˜In-chloride

â€”23.427.834.314.5â€”@ln-oxine
3.110.133.825.824.82.4â€œâ€˜In-tropolone

1.48.537.928.623.6â€”â€œâ€˜ln-F(ab')@
8.316.228.022.215.310.01111n-leukocytes
3.619.423.927.320.65.2â€œ1In-platelets

6.412.421.334.622.82.5Bone
marrow1â€•ln-chloride

â€”18.438.828.611.73.3@â€˜In-oxine
3.124.226.731.911.82.3@ln-tropolone

â€”33.729.522.01 1.73.1@In-F(ab')@
3.721.720.031.720.52.4@ln-pIatelets

24.4â€”29.030.8â€”15.8Lymph
nodes@In-chloride

21.013.615.118.520.311.5â€œâ€˜In-oxine
2.87.042.422.320.35.2@In-tropolone
8.721.617.023.617.711.4@In-F(ab')@

2.129.649.018.2â€”1.1Uncertainty

in values is approximatelyÂ±20%.Values
are given ratios in intervalsof 0.25, andare the meanof three to fourautoradiographic sectionlevels.

TABLE 4
Tissue Area (a Drawn AOl) Above or Below the Average Optical Density (Corresponding to the

Average ActivityAfterCalibration)in the Organ Section
Percentage of Pixels in a

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

FIGURE 6. The activitydistributionin
the kidneys after administrationof @ln
radiopharmaceuticals (chloride, oxine,
tropolone,and CEA-F(ab')@).Thebars rep
resent the percentage of tissue area with
a specificopticaldensity (or activity)rela
tive to the optical density (or activity) av
eraged over the whole tissue area (i.e., a
drawn AOl).It can be seen that the ratio
between hot spots in the cortex and the
cold area in the medulla vanes from a
factor of 5 to more than 8.
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this study was to make a detailed investigation of the
whole-body distribution of some common â€˜â€˜â€˜Incom
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 ofa radioactive compound in tissues
and to estimate its activity concentration in detail. We
have shown that â€˜â€˜â€˜Inaccumulation is markedly hetero
geneous in numerous organs and tissues, particularly in
rapidly proliferating tissues. Studies ofcellular 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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T he calculation of absorbed dose
estimates is standard practice to

help assess risk ofinjury 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 â€œaverageâ€•doses using the sim
plified assumptions of uniform activ
ity density and homogeneous organ
composition, known as the uniform
isotropic model. Use ofthis simplified
model is widespread. However, due
primarily to the observed heterogene

ity of radiopharmaceutical uptake in
tissues (2â€”5),there is growing cvi
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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For reprints contact: Peter L. Roberson, De

partment of Radiation Oncology, University of Mich
igari Medical School, Ann Arbor, Ml.

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 ofcalculated 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 oftarget regions (1). 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 (10). Very short range
radiations (e.g., Auger emitters or al
pha particles) require activity infor
mation at the cellular level (<10 zm)
(11) as input for microdosimetry cal
culations. For longer range particles,
calculations averaged over many cells
(@-l00 zm) 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 oflow-energy, short-range sources
for QAR requires special calibration
procedures(13).

In this issue ofJNM, Jonsson et a).
(14) use whole-body quantitative ma
cro-autoradiography (WBQAR) to
study the distribution ofuptake in rats
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EDITORIAL

QuantitativeAutoradiographyfor the Study of Radiopharma
ceuticalUptakeand DoseHeterogeneity


