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Plutonium which enters the bloodstream (via one of the main intake
routes) deposits primarily in the skeleton. The distribution pattern
is largely nonuniform owing to the fact that this radionuciide belongs
to the class of the so-called surface seekers which concentrate on
all periostea!, endosteal and trabecular bone surfaces (6). Radiation
doses derived from assays of whole bones assume a uniform distribu-
tion and therefore tend to underestimate local doses to the cell
populations at risk. For osteosarcoma induction the endangered cell
populations are believed to be the osteogenic cells lying close to
bone surfaces (1). To obtain a realistic correlation between the
radiation doses delivered at a cellular level and the observed patho-
logical effects the determination of local dose rates on a micros-
copic scale is essential. Further, this information can be linked to
existing quantitative histological data to provide estimates of hit
frequencies for cellular targets and of the probability of malignant
transformation.

EXPERIMENTAL PROCEDURE

One year old female rats were injected intravenously with
18 kBqkg"! 239-Pu-citrate and killed at various times after injection.
Lumbar vertebral bodies from all animals were embedded in Methyl-
acrylate and cut, on a sawing-microtome (Leitz, Germany) with a
center-hole diamond blade, into sections of 150 ym thickness. The
calcified tissue in these bone sections was stained selectively with
Alizarin-red (30 min in 1 % solution). .

After staining the sections were mounted in contact with cellu-
lose nitrate foils (LR115, Kodak Pathé, France) which served as radia-
tion detectors. To ensure alignment between detector surface and bone
structure, landmarks (100 ym dia.) were drilled into the detector-
section sandwich. After about 9 months exposure at -38°C the detectors
were removed from the bone samples and etched in 2.5 N NaOH for 1 hr.
Then both the detector and the bone sample were scanned with a micro-
scope photometer using 20x20 ym scan fields (MPV II, Leitz, Germany)
controlled by a PDP 8/E minicomputer system (DEC, USA). Thereby quan-
titation of the track density distribution and the bone structure was
achieved in the form of light absorption patterns.

Using a series of FORTRAN programs the two files containing the
raw scanning data were processed to generate a digital image of the
bone structure, to calculate background levels on the autoradiographs,
erase artifacts andi finally, to combine the two files into one.These
processed files then constituted the input for an evaluation program
that calculated mean dose rates in specific anatomical regions, dose
rate distributions, the variation of these parameters, the mean burial
depth etc.. Fig. 1 shows a computer generated image of a piece of
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trabecular bone with i ts associated l ight absorption pattern caused
by alpha-particle tracks. Images of this kind are derived from the
processed f i les .

Figure 1. Computer gen-
erated display of bone
structure (grid) with
associated the track
distribution expressed as
the percentage of l ight
absorbed by the tracks,
blank: 0-5 %, x: 5-10 %,
O: 10-15 %, * : 15-20 %,
a: > 20 %.

RESULTS

Radiation dose rates were calculated according to a formula
derived by Mays (4) under the assumption that surface deposits are
infinitely thin and planar. At sites where no 'hot line1 could be
detected near a bone surface,the distribution of radioactivity was
assumed to be locally uniform (5). Fig. 2 displays the frequency dis-
tribution of calculated dose rates in three adjacent bands of 10 ym
Width each at 28 days after injection. These distribution curves
represent the composite variation of activity concentrations and
burial depths of 239-Pu deposits and the geometrical locations within
the bands.

Figure 2. Dose rate dis-
tributions in three 10 ym
wide bands 28 days after
injection of 18 kBqkg-1
239-Pu. The position of the
bands relative to the bone
surfaces is indicated on the
graph.
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In the 0-10 ym band 17 % of a l l sites have a dose rate below 1.25 x
10~3 Gy d~l . The corresponding figures for the 10-20 ym and 20-30 y
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bands are 19 % and 30 %, respectively. In a considerable part of the
0-10 vm band dose rates above .025 Gy d~l can be found, whereas in the
other two bands such dose rates are very infrequent. Comparison with
results from later times after injection reveals that the distribu-
tions in Fig. 2 remain fairly constant in shape during the time of
observation, with a slight increase from a section average of .0062
Gy d"1 (28 days) to .007 Gy d"1 (168 days). This indicates a low
remodelling activity in the lumbar vertebra, which is expected in
adult females. The increase could be attributed to recirculating
239-Pu released from other parts of the skeleton. A spatial dose rate
spectrum at 14 different locations is shown in Fig. 3 for early and
late times after injection. Initially the mean periostea! dose rates
are about 4 times lower than the endosteal and trabecular ones. This
relationship however changes in time as the dose rates in periosteal
marrow are increasing much more rapidly than those on the endosteal
and trabecular surfaces. The enhancement ratio shown in Fig. 3 also
indicates that the dose rates in deep bone and deep marrow rise
nearly 3-fold and 2-fold, respectively.

Figure 3. Mean dose rates
in three 10 ym wide bands
on both sides of peri-
osteal and endosteal +
trabecular surfaces and
in deep marrow and deep
bone. The dashed line
represents the enhance-
ment ratio of the values
at 168 days after injec-
tion relative to 7 days.
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The meaning of the dose rate distributions becomes more obvious
if they are considered in terms of event frequencies at a cellular
level. Specifically, if one considers the cell nucleus of prolif-
erating osteogenic cells close to bone surfaces as the sensitive
target and that a certain number of hits by alpha-particles are
required to produce harmful effects like cell killing or non-lethal
transformation to a malignant state, it can be shown (5) that a
conversion from dose rate distribution to hit probabilities can be
readily carried out provided the distribution functions are nearly
constant in time. If a cell nucleus is approximated- by a sphere of
5 ym diameter (2) one has for the fraction of cells f receiving n
hits up to time t after injection

1 exp(-cDt)6(D)dD
•

where <5(D)is the distribution function of dose rates D (5) (c= .882
Gy~l).Curves calculated according to the above expression are shown
in Fig. 4 for the 0-10 pm band at periosteal and endosteal + trabe-
cular surfaces. A considerable fraction of the targets receive one and
two hits at the interior surfaces, less in the periosteal region.
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A large fraction of those nuclei receiving one or more hits are likely
to be killed.

Figure 4. Fraction of spherical
targets (5 ym dia.) uniformly
distributed throughout a 10 pm
band in marrow adjacent to bone
surfaces that are hit until
time t. Numbers specify the
number of hits.
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DISCUSSION

The extraction of results from the photometric scan data in-
volves some approximations. For instance the problem of oblique sur-
faces was not taken into account, in addition to the results shown
above information about the remodelling status can be obtained from
the distribution of burial depths and its change in time. The linking
of minidosimetric results to quantitative histology requires exten-
sion of present knowledge about cellular parameters like size and
shape of sensitive targets, the position of these targets relative
to bone surfaces (3) and the relevant time t in the above expression.
With regard to malignant transformation the calculated 2-hit curves
may be interpreted as indicating the size of the pool of potentially
transformed cells. Moreover the notion of hit frequency perhaps
provides a better means of scaling risks down to lower and more
realistic skeletal burdens of 239-Pu than the concept of accumulated
radiation doses.
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