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The disintegration of the radionuclides ! and | and the
subsequent charged-particle tracks left behind in water (as a
model substance for a biological cell) are smulated by the Monte
Carlo track structure smulation code PARTRAC, using new
indlagtic electron scattering cross sections for condensed water.
Every photon and electron emitted was followed in detail, event
by event, down to 10 eV. From the spatial information on the
track structures, absorbed dose distributions per ! and 5| de-
cay were calculated in and around water spheres smulating mi-
crometastases as well as in the tissue surrounding such metas-
tases. These radionuclides were assumed to be distributed uni-
formly insde spheres of different diameters (0.01, 0.03, 0.1, 0.3,
1.0 and 3.0 mm). The respective electron degradation spectra,
the nearest-neighbor distance distributions between ineastic
events, and the distance distributions for all activations for both
iodine radionuclides were calculated. The absorbed fractions of
the initial electron energies, absorbed doses and energy depos-
tions, and single-event distributions, F,(¢), insde the six water
spheres described above and in the surrounding tissue were also
calculated. The absorbed doses per decay insde the six water
spheres, i.e, the calculated S values (listed from 0.01 to 3.0 mm),
were 6.8 x 104 7.2 x 105, 55 x 10% 49 x 107, 31 x 10°®
and 1.8 x 10° Gy Bg* s* for !, and 3.4 x 103, 1.7 x 104,
51 x 10%° 20 x 107,56 x 10° and 2.2 x 10 Gy Bg* st for
25 1t is concluded that, in the treatment of thyroid cancer, the
geometrical track structure properties of 1 might be superior
to those of ! in micrometastases with diameters less than 0.1
mm; however, in this medical context, many other factors also
have to be considered. © 2001 by Radiation Research Society
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INTRODUCTION

Micrometastases of differentiated thyroid cancer are a
relatively typical feature of childhood thyroid cancer (1-4).
This can be seen in the data from our ongoing treatment of
children from Belarus with radiation-induced thyroid can-
cer (5). The histology shows that most of the children suf-
fered from the papillary version of differentiated thyroid
cancer (5); 50% of the children treated in Wirzburg had
micrometastases in the lung which were not visible on pla-
nar radiographs but were visible in post-treatment scans
with radioiodine. This means that the metastases of these
patients—located mainly in the lungs—had diameters of
less than 3-4 mm. Complete remission was achieved in
only 43 of 74 children (58%). Therefore, it is questionable
whether 31 is the radionuclide of choice for the treatment
of such small lung metastases of differentiated thyroid can-
cer, as has been pointed out by Sisson et al. (6) and Maxon
et al. (7). In particular, the paper by Maxon et al. (7) stim-
ulated us to apply the most recent version of the charged-
particle track structure code PARTRAC to the calculation
of dose distributions from 25 and 3!l in and around water
spheres simulating micrometastases of diameters between
10 pm and 3 mm. These geometries cover the range of
sizes of the lung metastases observed.

The results can be applied particularly to the metastases
of papillary thyroid cancer, since there is no evidence that
these small metastases show a colloidal structure. They can
also be applied to the dosimetry of certain other solid tu-
mors. Recently, several authors discussed the efficacy of
radioimmunotherapy for in vitro studies using either high-
energy B-particle emitters, such as 3! or *Y, or Auger
electron-emitting radionuclides (8-10). Our calculated do-
simetry for spheres with sizes covering several orders of
magnitude may improve the understanding of their findings.

MATERIALS AND METHODS

Decays of 131 and 25|

The isotope 3!l decays by means of six B-particle transitions (11). The
total B-particle spectrum of 3 is calculated by summing the six inde-
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FIG. 1. The primary electron spectra of 3! decay.

pendent transition spectra (12—14), weighted according to their yields.
First forbidden nonunique transitions have allowed shapes (12, 13).
Therefore, there is only one decay mode (Bs) which was corrected with
a shape factor a,(W,2). For a first forbidden unique transition, the shape
factor of Konopinsky and Rose (15) was used in this calculation; the
form of the shape factor was based on Evans (16) and Wu (17). After
each B-particle decay, vy rays are emitted, competing with electron ejec-
tion by internal conversion. The conversion electron leaves a vacancy in
the atom that is filled by electrons from outer shells with emission of
characteristic X rays or Auger electrons. In simulating the decay of !,
al of the possible de-excitation pathways are taken into account with a
Monte Carlo method. The energies of the y rays emitted from the daugh-
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FIG. 2. The frequency of the total electron energy released from one 0|
decay.

ter atom 3Xe are obtained from the difference between the final and
initial energies given in refs. (18, 19). The calculated B-particle spectrum
of 11 decay agrees well with the summary data from ORNL (12, 13,
20). Figure 1 indicates the mean primary electron spectrum of 3| decays,
including internal conversion and Auger electrons, as well as the electron
emitted in tissues by the interactions of photons, as simulated by the
PARTRAC code (21-23) used in this study.

The spectra of Auger electrons and photons for individual ?° decays
have been ssimulated by the Monte Carlo method described in detail by
Pomplun et al. (24); references for the probability data used for electron
capture, internal conversion, and radiative and radiationless transitions
are a'so given there. The primary electron hole leading to an excited state
of the nuclide is created by electron capture mainly from the K shell. For
de-excitation by both radiative and Auger processes, Coster-Kronig tran-
sitions and shakeoff and double Auger processes are considered. Other
processes are neglected here, due either to very low intensities or to a
lack of data. Figure 2 gives the resulting distribution of electron
(summed) energy released in a single decay. For previous Monte Carlo
simulations of %] decays, see refs. (25, 26).

Track Sructure Calculations

The PARTRAC code is a Monte Carlo program that can simulate com-
plete histories of photon and electron interactions from their respective
starting energies down to 10 eV (21-23) and can calculate the spatial
coordinates of primary activations and chemical modifications in the tar-
get material. A source term module describing the photons and electrons
emitted in each stochastic decay of 3!l and 5| was developed as de-
scribed above and integrated into PARTRAC. For the transport of pho-
tons, three types of inelastic interactions (photoelectric absorption, inco-
herent Compton scattering, and pair production) and elastic interaction
[i.e. coherent (Rayleigh) scattering] are taken into account. The history
number, energy, event position in time and space, type of event, track
segment length, and direction cosines of all outgoing photons and elec-
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trons are recorded. Electrons are followed event by event through their
interaction histories in liquid water using the newly derived inelastic
cross-section data for liquid water (27). Decays of 3! and 2% were each
simulated with lower cutoff energies of 10 eV for electrons and 100 eV
for photons; below these values, the residual energy was assumed to be
absorbed localy.

The patterns of biological effects and their induction probabilities after
the interaction of ionizing radiation with cells and tissues depend on the
details of the time and space coordinates of the events in the particle
tracks after each interaction. They are the cause of the changes observed
later, such as, e.g., dose—ffect relationships, dose-rate effects, and radi-
ation quality and effects (23). As mentioned above, the two iodine iso-
topes considered here have quite different nuclear decay characteristics,
which lead to quite different track structures in the surrounding cells and
tissues, even at the same absorbed dose. This will be considered in detail
in another publication. In this paper, we compare only two basic quan-
tities, the degradation spectra and the neighborhood distributions (23).
The degradation spectrum, Y(E), gives the differential path lengths per
energy interval from one decay and for al secondary electrons during
complete slowing down as a function of the actual energy E. We write
Y(E) = [N(E)]/(dE/dx), where N(E) is the absolute number of all second-
ary and higher-order electrons created by complete slowing down of one
decay, which have an initial kinetic energy larger than E. The k-nearest-
neighbor (k-NN) rule is one simple nonparametric decision procedure in
pattern classification (28). For k = 1, this represents the frequency of the
distances by taking every inelastic activation (including ionization and
excitation) to its nearest neighbor in each track induced by one decay.
For increasing k, depending on the cut distance one calculates, this dis-
tribution indicates the frequency of the distances by taking every primary
activation to all others in every track from one decay (23).

Microdosimetric Single-Event Distribution

The single-event energy deposition, f,(g), is obtained by recording the
energy imparted in the volume of interest for each single energy depo-
sition event. The single-event probability in specific energy, f,(2), which
is used more often in microdosimetry, is obtained by recording the im-
parted energy per unit mass in the volume of interest. F,(2), defined as
F.(2) = [; f.(z) dz, is the conditional probability that a specific energy
less than or equal to z is deposited by a single energy deposition event
(29, 30), where z = e/m = (Um) 3, g, ¢ is the energy imparted to the
matter in a volume with mass m, and &; is the energy deposited in asingle
interaction, i. In our simulations, one disintegration of a radioiodine atom
includes one or more photons and electrons. The tracks produced by these
primary electrons and their secondary or higher-order 8 rays, statistically
correlated with al the electrons that were ejected by these primary pho-
tons, are regarded as one energy deposition event. These distributions
were calculated to provide input for radiobiological models of the action
of radiation based on microdosimetric concepts (31).

Geometry and Dose Distribution

Metastases are modeled as spheroids with diameters of 0.01, 0.03, 0.1,
0.3, 1.0 and 3.0 mm. The radionuclides of 31| and *?°| are assumed to be
distributed uniformly inside the spheres. The tissue around the spheresis
modeled as a spherical annulus with a thickness of 40 mm. The metas-
tasis-simulating spheres have a uniform density of 1.060 g cm2. Scoring
of the track events was performed in concentric spherical shells in equi-
distant intervals of 10 wm. Dose distributions as a function of distance
from the centers of the spheres are calculated for each of the six geom-
etries. To obtain the dose distribution, 50,000 decays from 3! and
100,000 decays from 25| are simulated, owing to the larger variability of
energy deposition in the immediate neighborhood of a decaying nucleus
of 129,

RESULTS
Particle Tracks

The track structures simulated with the PARTRAC code
contain information on every interaction produced by pho-
tons and electrons emitted from 3! and 25| decays. Figure
3 shows how the tracks of the decays are structured relative
to a “metastasis’ 0.1 mm in diameter and in the surround-
ing tissue in different dimensions. The dominant photon
energies of ¥ and *°| decays are 364.5 and 27.4 keV,
respectively (11), and the mean free paths for 300 and 30
keV photons in tissue are about 10 and 3 cm (23); thus the
tracks produced by interactions of photons are far off the
scale of thisfigure. Figure 3aand & shows that the electron
tracks of 1| are essentially confined to the *‘metastasis”,
due to the range of less than 20 wm of the dominant con-
version electron, with an energy of 3.64 keV, and the prin-
cipal Auger electrons, with energies of 0.38, 3.02, 3.66 and
22.48 keV. On a smaller scale in Fig. 3b and b’, the ranges
of the electron tracks from **5| are shown to be a few mi-
crometers or less in most cases. Figure 3c and ¢’ presents
such tracks in a square of 4 X 4 um?, showing that the
energy deposition in 23| tracks is more dense than that in
131 tracks, again because of the lower kinetic energies of
the electrons from 29,

In the lower energy range, =1 keV, there is no difference
in the relative shape of the respective degradation spectra
of the electron tracks produced by decays of the two iodine
nuclides, except for a factor of about 10 (Fig. 4) due to the
accumulation of secondary and higher-order electrons from
primary electrons and photoelectrons. With increasing en-
ergy, however, %l has relatively more electrons around an
energy of 10 to 20 keV, whereas 3! has far more higher-
energy electrons (>30 keV).

The nearest-neighbor distributions show that the most
frequently occurring nearest-neighbor distance is about 0.4
nm for both iodine isotopes. The most frequently occurring
distances between all activations are 2.6 nm for 5] and 2.3
nm for 31 (Fig. 5a and b). It is very clear that the density
of ionizations and excitations in tracks of 9 is larger than
that of ! inside a 100-pm-diameter sphere (Fig. 5a).
These distance distributions of nearest neighbors and be-
tween all activations inside 40-cm-diameter tissue spheres
(Fig. 5b) are reversed, because more activations are pro-
duced by the electrons and photoelectrons with larger ki-
netic energies emitted from an 3! decay.

Dose Distributions

The absorbed dose per decay in concentric spherical
shells around the center of **metastases’ of various diam-
eters that contain homogeneously deposited radionuclides
is calculated by summing the energy deposited in each shell
and dividing by the mass of the corresponding shell. For
all sizes of spheres considered and for both radionuclides,
the dose distribution within the spheres is characterized by
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FIG. 4. Degradation spectra per decay of 31| (—) and %] (——-).

a constant value up to its boundary (Fig. 6). In the sur-
rounding tissue at the edge of the spherical **metastases”,
the steep slopes of the dose—response curves indicate the
very short ranges of the electrons produced inside the *‘ me-
tastases”. The dose per decay also decreases with the in-
creasing radius of the *‘ metastasis’ (because of the increas-
ing mass). Comparing spheres of diameters of 0.01 mm and
3 mm, the dose per decay decreases by about a factor of 3
X 10° for 3! and by a factor of 107 for 51, For 3, the
decrease in dose is much less than the inverse of the in-
crease in mass, because an increasing amount of the radi-
ation is absorbed within the ““metastasis’. For a 0.1-mm-
diameter *‘metastasis”’, the doses per decay of 3! and >3
are approximately equal: At this radius, the high-energy
electrons from one 3! decay deposit the same amount of
energy on average as that released per *?5| decay by electron
emission. Corresponding to the short range of primary elec-
trons from **, outside of the **metastasis’, the dose de-
creases sharply over arange of only 0.02 mm; this decrease
amounts to a factor of 3 X 10* for a sphere 0.01 mm in
diameter and 30 for a sphere 3 mm in diameter. Due to the
higher energy of the primary electrons produced by 3!, the
decrease in the dose outside the sphere has a smaller slope
and extends to a distance of about 1.5 mm from the surface
of the sphere; for the smallest “* metastasis’ (diameter 0.01
mm), the dose decreases by a factor of 3 X 10° over this
range and for the largest one (3 mm), by a factor of 300.
At a distance of 3 mm from the center of the sphere, the
dose per decay is 2 X 102 Gy in al cases considered. In
the range of 3-20 mm from the center of the sphere, the
dose decreases for 3!l with a slope of about d5.

Sngle-Event Distribution

The probability distribution F,(&), giving the conditional
probability of the imparted energy € in a volume less than
or equal to &, is shown for the two radionuclides in Fig. 7.
There is little evident dependence on sphere radius to be
seen for 28], with its short-range electrons, in contrast to
the large influence seen for 3!, with its energetic B parti-
cles.

Absorbed Fraction and Energy Deposition around Sphere

From the dose distributions shown in Fig. 6, the energy
deposition and average dose inside the sphere, i.e., Svalues
can be calculated; these are presented in Figs. 8 and 9. The
energy deposition inside these spheres (Fig. 8) results main-
ly from the primary electrons and their secondaries for both
131 and 5], with only a small contribution from photons.
The Svalues (Fig. 9) for **°| are larger than those for 3!
inside spheres smaller than 0.1 mm in diameter but are
smaller than those of 3!l inside larger spheres. Around a
diameter d of 0.1 mm, the average energy deposited by 3|
increases approximately linearly with d; therefore, the S
value decreases approximately inversely to the square of d.
The average energy deposited by 291 is approximately con-
stant in this region, and so its S value falls with the third
power of d.

Figure 10 shown the absorbed fraction of the primary
electron energy. For 131, it is dways smaller than 1.0, but
for 129, it becomes dightly larger than 1.0 in the 3.0-mm
sphere, because the energies of the secondary electrons pro-
duced by primary photons also deposit some energy inside
the sphere. The energy deposition in shells outside the
source as a function of distance from the surface of the
spheres with homogeneous radionuclide deposition inside
is presented graphically in Fig. 11.

DISCUSSION

Dosimetry calculations for internally distributed radio-
nuclides are often based upon the so-called MIRD schema
(32—34). The mean absorbed dose to the total body and to
specific organs for systemically administered radionuclides
is usually calculated by an analytical method in which ac-
cumulated activity in the actual source region, A, is mul-
tiplied by the mean absorbed dose to the target region per
unit cumulated activity in the source region, S (source re-
gion - target region) (35). In radioiodine therapy, e.g. when
the dimension of the tissue is larger than 5 mm, the accu-
mulated dose can be calculated by the total activity admin-

—

FIG. 3. The track structures of 100 3! (panels a—c) and 100 5| (panels & —c') decays. The sources are assumed to be distributed uniformly in a
sphere 0.1 mm in diameter. Each energy deposition event is indicated by a small dot. The circles drawn with dotted lines in panels a and & denote
the circumference of the metastases. The small square in each panel indicates the scale of the next figure: Panels ¢ and ¢’ magnify the tracks shown

in panels b and b’.
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FIG. 5. Nearest-neighbor and all activation distance distributions per decay of 31 (—) and 5| (——-). Panel a shows the distributions inside a 100-
pm-diameter sphere, and panel b shows the distributions inside a 40-cm-diameter sphere.

istered to the patient, Q, the percentage uptake per gram in
tissue, f, and an effective half-time T,. When the dimension
of the tissue is smaller than 5 mm, the dose calculation has
to be corrected. The correction depends on the size of the
tissue and is given by the fraction of the electron energy
absorbed (36), and for B-particle decay, the different com-
ponents must be added and integrated (37).

S values of 3! and 5| for selected organs have been
published previously, e.g. by Snyder et al. (33). S values
and absorbed doses to small, unit-density spheres with di-
ameters in the millimeter range and above can be obtained,

e.g., from the nodule module of the computer code MIR-
DOSE 3.1 (38) which implements the data of Snyder et al.
(33) or from some other newer models for internal dose
assessment in nuclear medicine (38). However, the smallest
sphere for which the dose can be assessed with this pro-
gram has a diameter of 2.64 mm. On the small end of the
range, at the cellular level, a recent publication by the
MIRD committee (39) summarizes S values for selected
radionuclides; radiation doses to the cell nuclel in single
cells and in cells in clusters after 3! decay are given, e.g.,
in ref. (40). Absorbed fractions of 3! inside large spheres
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FIG. 6. The dose distribution per 131 (—) and ?°| (——-) decay in ‘“metastasis’ and surrounding tissue. Dose is calculated in a series of concentric
shells around each sphere. Dose is calculated for 10-pm-thick shells for the 0.1-, 0.3-, 1.0- and 3.0-mm-diameter spheres and for 1-pum-thick shells
for the 0.01- and 0.03-mm-diameter spheres.
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1.0, 2.0 and 5.0 cm in diameter, which are beyond the scope
of the present work, were calculated by Akabani et al. (41)
using the spectral method and the average energy method.
In Table 1, the analytical MIRD S values from various au-
thors (38, 39, 42) are listed for 3 and **%| in columns 3
and 6 for comparison with present full Monte Carlo resullts.

The ratios between the S values from our present, very
detailed Monte Carlo work and the published values fall
into the range of 0.92 to 1.31. For smaller spheres, the S
values seem to be underestimated for 31| and overestimated
for 1231 by using the values published by Goddu et al. (42)
and MIRD (39), but for 3 in a sphere 0.006 mm in di-
ameter, the S value of MIRD (39) is somewhat larger than
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and 3.0-mm spheres for 3! (panel @) and ?°| (panel b) decays.

our value. For a larger sphere, the S values given by the
computer code of Stabin et al. (38) appear to be smaller
than ours, particularly for 4. For spheres with diameters
in the millimeter range, this can be explained by the use of
only the electron/B-particle data (38) and by the use of
point-source kernels and the results of Berger et al. (43)
for monoenergetic electrons and B particles. The input data
used in those simulations did not include the newest cross
sections for photons and electrons (27), which are incor-
porated in our work.

For small diameters in the micrometer range, a maor
shortcoming of the results of Goddu et al. (42) and of the
MIRD values (39) is the use of a stopping-power formalism
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FIG. 8. Energy deposition inside *‘ metastasis’. 2Cross et al. (12), "Pomplun et al. (24) ©4 (—), ©4 (—-).
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at low energies, which in the cases of *% and of the low-
energy B particles of 3! underestimates the true energy
deposition pattern. The shortcomings of the analytical
methods applied to the calculation of the cellular S values
are discussed extensively by Goddu et al. (39). Our cal-
culations are based on Monte Carlo simulations of track
structures of 3! and **° and include the newest data avail-
able on the cross sections (27). Therefore, we provide new
data on such dose distributions in and around the small
spheres. The great advantage of the Monte Carlo track
structure simulation is that it is extremely flexible and can
be adapted easily to new input data and to any geometry.

There are many other reports of dose calculations in ra-
dioiodine therapy, such asthose by Sinclair et al. (44), Ben-
ua et al. (35), Belerwaltes (45-47), Saenger et al. (48),
Schlesinger et al. (36), and Maxon et al. (7, 49), whose
dose estimations are applicable to larger metastases. Jun-
german et al. (37) and Hartman et al. (40) also dealt with
131 and with micrometastases using integration of an ana-
lytical point-dose kernel (similar to the MIRD approach).
The dose of | is often calculated for commercial seed
sources (50-53); for such seeds, however, the electrons
emitted by 51 decays are completely absorbed by the seed
wall and thus do not factor into the tissue dosimetry.

In the case of micronodular lung metastases from pap-
illary thyroid cancer, Sisson et al. (6) discuss whether the
131] treatment is ineffective because of the small size of the
tumors. Their conclusion is that many lung metastases from
papillary thyroid cancer might be too small for effective
treatment with 3, but large doses of 3! may still shrink
the tumors. Maxon et al. (7) consider the dosimetry of
treatment of macrometastases and micrometastases from
differentiated thyroid carcinoma with 3 and ** using S
values for tumors with diameters of <0.2 mm (39), 0.1 <
d < 2 mm (unpublished data), and >2.6 mm (38). Their
calculations using modified S values reveal that a treatment
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FIG. 10. Absorbed fraction inside spheres. For 25| decay inside spheres
more than 3 mm in diameter, the absorbed fraction is slightly larger than
1 due to the electron energy deposition events produced by photonsinside
these spheres. 34 (—), 25 (—-).

with 25 might deliver a higher dose to small metastases
than treatment with 3 (7). The authors propose treatment
with 251 or with a mixture of *251/%3, which seems to be
more effective in the case of pulmonary metastases of thy-
roid cancer.

The retention and toxicities of the longer-lived **° decay
in bone marrow and other normal tissues, however, must
also be taken into account when treatment with a mixture
of 25 and 3! is applied. One must also keep in mind that
a single thyroid cancer cell will receive only a transient
exposure to iodine, whereas a larger micrometastasis could
store the iodine for severa days. In addition, the uniform
distribution of 3 in the spherical metastases assumed in
our simulation could overestimate the real dose to target
nuclel, since most of the 23 in tumors isin the colloid and
is not distributed uniformly (7). For small metastases of
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TABLE 1
Comparison of the S Values in the Present Work and in the MIRD Committee Calculations

13l|

125|

Present work MIRDe Ratio Present work MIRDe Ratio

Diameter (mm) (Gy/Bq 9) (Gy/Bq 9) PW¢MIRD (Gy/Bq 9) (Gy/Bq 9) PW¢MIRD
0.006 1.94 X 103 2.02 X 103 0.96 140 X 102 152 X 102 0.92
0.008 1.07 X 103 1.07 X 103 1.00 6.33 X 103 6.67 X 103 0.95
0.010 6.80 X 104 6.57 X 104 1.04 3.40 X 103 354 X 103 0.96
0.012 4.69 X 10~ 443 X 10 1.06 2.08 X 103 212 X 10°3 0.98
0.014 342 X 10* 3.18 X 10* 1.07 1.36 X 103 1.38 X 103 0.99
0.016 2.60 X 10 % 239 X 104 1.09 9.42 X 10 % 9.58 X 104 0.98
0.018 2.04 X 10~ 1.85 X 10 1.10 6.82 X 10% 6.94 X 104 0.98
0.020 1.65 X 104 148 x 104 111 5.10 X 10* 5.20 X 10 0.98
0.026 9.62 X 105 8.37 X 10 = 115 248 X 104 253 X 10« 0.98
0.030 7.20 X 10°° 1.70 X 104
0.048 2.64 X 105 2.25 X 10~ 117 429 X 105 4.59 X 10-5d 0.93
0.100 5.50 X 1076 5.10 X 10
0.106 4.85 X 10-¢ 4.20 X 10-¢&d 1.15 432 X 10-® 4.66 X 10-¢ 0.93
0.20 1.20 X 10-® 1.03 X 10« 116 6.60 X 107 7.17 X 10 ™ 0.93
0.30 490 X 107 2.00 X 107
0.40 254 X 107 216 X 10 ™ 118 8.46 X 108 9.13 X 10-& 0.93
1.00 3.05 X 108 2.80 X 10-& 1.09 5.56 X 10° 591 X 10« 0.94
2.64 235 X 10 % 234 X 10 1.00 3.17 X 10 102 3.11 X 10 w0b 1.02
3.0 1.80 X 10-° 220 X 10
5.0 435 X 101 4.01 X 10-10d 1.08 481 x 101 475 X 10-1d 1.01
5.69 3.09 X 10 102 2.70 X 10 w0b 114 3.28 X 10 12 3.11 X 10 b 1.05
9.73 7.49 X 1012 5.70 X 10 1w 131 6.74 X 10122 6.22 X 102 1.08

a Data interpolated from our calculated diameters.

b Data calculated by the computer code MIRDOSE 3.1 (38).

¢ Data taken from Goddu et al. (39).

d Data taken from Goddu et al. (42).

e Present work.

papillary thyroid cancer, this is not a problem, since there REFERENCES

is no evidence that metastases of papillary thyroid cancer
show a colloidal structure. If there are better data available
on the microscopic structure of small metastases of differ-
entiated thyroid cancer, our track structure calculation meth-
od has the advantage of being capable of modeling any re-
alistic distribution of **51 atoms in small colloid tumors.

Another advantage of applying Auger-electron emitters
such as **| for the treatment of metastases of differentiated
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specific toxicity to other cells and/or the dose to the bone
marrow due to the circulation of the radionuclide in blood
might be greatly reduced (10).
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teristics of microscopic energy deposition around the two
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that must be assessed when considering using *#I for ther-
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