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In radioimmunotherapy, the treatment of bulk tumors by radio-
nuclides that emit energetic beta particles is the preferred ap-
proach. However, for the eradication of small clusters of cancer
cells, radionuclides that emit Auger electrons or alpha particles
are considered to be advantageous because of their ability
to deposit radiation energy locally. If such radionuclides are
intemalized by the cells, the total dose to the cell nuclei is thought
to be primarily determined by the self-dose (dose to cell nu-
cleus from activity within the cell) in comparison to the cross-
dose (dose to the cell nucleus from activity in all other cells).
Methods and Results : The self-dose-to-cross-dose ratios to
the cell nucleus were calculated for different cluster sizes (26—
400 um) with monoenergetic electron and alpha particle sources
distributed uniformly in different cell compartments (cell surface,
cytoplasm, nucleus). Model calculations were also performed for
several radionuclides (Auger, beta and alpha emitters). Ab-
sorbed fractions for sources of monoenergetic electron and al-
pha particles, distributed uniformly in small spheres (26-5000
um), were also calculated along with S-values for a number of
radionuclides. Conclusions: When most of the cells in the clus-
ter are labeled with beta or alpha emitters, the cross-dose com-
ponent of the total dose is important irrespective of cluster size
and subcellular source distribution and increases as the cluster
size increases. The self-dose is always important for Auger
emitters. When the self-dose is negligible, the mean absorbed
dose to the cell nuclei is well represented by the mean dose to
the micrometastasis.
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Tle potential of radiolabeled immunoconjugates to se-
lectively seek malignant cells and destroy them has at-
tracted considerable attention, and has opened new ave-
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nues of research in our fight against cancer. The outcome
after radioimmunotherapy (RIT) of bulk tumors (d > 1 cm)
with radiolabeled antibodies can be monitored by external
imaging of the tumor using radiographic and nuclear med-
icine techniques (/) and correlated with the absorbed dose
to the tumor. Such tumors are most effectively treated with
radionuclides which emit energetic beta-particles because
they effectively cross-irradiate the malignant tissue while
depositing most of their energy in the tumor (2-6). In
contrast to tumors of macroscopic dimensions (d > 1 cm),
RIT of very small micrometastases (d < 0.1 cm) cannot be
evaluated with external imaging techniques because of in-
herent resolution limitations of the imaging equipment.
Consequently, approaches developed to treat small clus-
ters of cancer cells must be primarily based on theoretical
calculations. Howell et al. (7) have suggested that radio-
nuclides which emit low-energy electrons (e.g., '*™Pt),
with ranges in tissue of the order of the radius of the
micrometastases, will deliver higher doses to the cluster
than energetic beta emitters while only minimally irradiat-
ing the surrounding tissue. Similar advantages are ex-
pected from alpha emitters (8,9).

When radioimmunoconjugates are distributed in a mi-
crometastasis, there are three contributions to the ab-
sorbed dose to a given cell in the cluster: (1) self-dose (sd),
which results from the radionuclide localized in the same
cell; (2) cross-dose (cd), which comes from the radiations
emanating from all other cells in the cluster; and (3) the
dose received from radioactivity distributed elsewhere
(e.g., circulating antibody, etc.). The self-dose is highly
dependent on the subcellular distribution of the radiochem-
ical, and type and energy of the emissions (7, 10). In con-
trast, the cross-dose is relatively independent of subcellu-
lar localization and primarily dependent on radiation
properties. With so many different variables (particle en-
ergy, radiation type, cluster size, subcellular distribution,
fraction of cells labeled) affecting the total dose that is
likely to be given to the cells in a very small tumor, it is
important to understand the role of these variables so that
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TABLE 1
Number of Cells in Close-Packed Multicellular Clusters

Clusterdiameter 26 39 48 56 70 89 106 200 400
(pm)
Number of cells
in cluster

13 43 79 135 249 531 935 5979 47453

better approaches may be developed to treat microme-
tastases.

The present work systematically examines the self-dose
and cross-dose contributions from intracellular radioactiv-
ity within small micrometastases. Model calculations are
performed to obtain self-dose-to-cross-dose (sd/cd) ratios
to cell nuclei in multicellular clusters ranging from 26 to 400
um in diameter. The cells in the cluster are labeled with
monoenergetic electron and alpha particle sources distrib-
uted uniformly in different cell compartments (cell surface,
cytoplasm and nucleus). Similar calculations are also car-
ried out for a variety of radionuclides including alpha, beta
and Auger emitters. The effect of labeling only a fraction of
the cells in the cluster is examined as well. These calcula-
tions show that under some circumstances, the mean ab-
sorbed dose to the multicellular cluster as a whole provides
an adequate description of the dose received by the cell
nuclei. Accordingly, self-absorbed fractions for monoener-
getic electron and alpha emitters distributed uniformly in
small spheres of unit density matter are also provided. In
those instances where dosimetry at the cellular level is of
importance, simple methods to estimate the mean ab-
sorbed dose to the cell nuclei of the labeled cells without
resorting to complex modeling are discussed.

COMPUTATIONAL METHODS

Multicellular Cluster Model

Dosimetry modeling of cells in close-packed geometry
has been a topic of interest for some time. Tisljar-Lentulis
et al. (I1) used such a model to examine the microdosim-
etry of 2°Pu and '*!I. Sastry et al. (12) and Howell et al. (7)
determined the optimal energy for RIT of micrometastases
with electron emitters. A similar model was also employed
by Makrigiorgos et al. (13) to investigate the dose enhance-
ment observed for Auger emitters when individual cells
within an organ accumulated large amounts of activity.
Recently, Humm et al. (9) and Stinchcomb and Roeske (8)
also applied a multicellular model for applications in RIT.

The model used in this work is adopted from the work of
Sastry et al. (12) and Howell et al. (7). The spherical
multicellular cluster is assumed to be a collection of cells in
close-packed cubic geometry such that 74% of the cluster
volume is occupied by the cells and 26% by the interstitial
spaces. The cells are spherical with diameters of 10 xm and
contain a concentric spherical nucleus 8 um in diameter.
Cluster diameters ranging from 26 um to 400 um are con-
sidered (Table 1). The cells, cell nuclei, and interstitial
spaces are considered to be unit density matter (/4). Ra-
dioactivity may be distributed uniformly in any one of the
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following compartments: (1) throughout the cell (C); (2) cell
surface (CS); (3) cytoplasm (Cy); or (4) nucleus (N).
Following the MIRD Schema (I5), the mean absorbed
dose rate D to target region k in the target cell in the cluster

is given by
. 1
Bewn = 2 A GEL D+ 2 a6,
i i

Eq. 1

where m, is the mass of the target region, A, is the mean
energy emitted per nuclear transition for the ith radiation
component, and a}f and ap; " are the activity in source
region h of the target cell and *‘jth with nontarget cell,”
respectively. The absorbed fraction (¢y); is the fraction
of the ith energy component emitted by activity in source
region h within the jth nontarget cell that is deposited in
target region k in the target cell, and (¢, ); is the cellular
self-absorbed fraction (10).
The absorbed fraction ¢, ., is given by

bxen= ‘r
o

where . ,(x) is the geometric reduction factor, E; is the
initial energy of the ith particulate radiation component,
X(E)) is the range of a particle of energy E;, x is the distance
traveled by the particle, and dE/dX is the stopping power
of the particulate radiation. For electrons, Cole (14) exper-
imentally determined that the electron energy E, (keV) and
range X (um) in unit density matter are related by

E, = 5.9(X + 0.007)°565 + 0.00413X! - 0.367. Eq. 3

Differentiation of Equation 3 yields the enérgy loss expres-
sion for electrons

dEy/dX = 3.333(X + 0.007) %% 4 0.0055X°®.  Eq. 4

Hence, dE/dX |y, is the energy loss expression (Equa-
tion 4) evaluated at ‘X(E;) — x’, the residual range of the
particle after passing a distance of x through the medium.
For alpha particles, E, = 390 X% and dE /dX = 260 X~ '?
(10). Integration of Equation 2 using these energy loss
expressions ensures that the dose calculation takes into
account the changes in LET of the particles as they tra-
verse the cells in the cluster.

The geometric factor ¢, ,(x) is the mean probability
that a randomly directed vector of length x starting from a
random point within the source region h ends within the
target region k (Fig. 1) (16). This algebraic form of the
geometric factor depends on the radii of the cell Rc and cell
nucleus Ry and the subcellular distribution of the radioac-
tivity in the cells of the cluster. In our previous communi-
cation (10), the geometric factors ¢§<¥, (x) used for calculat-
ing cellular absorbed-fractions ¢5<",(x) were provided for
radioactivity distributed in any one of four source regions h
within the cell as listed above. Similarly, in the present work,

&  Eq.2

dE;
YUrenX) =%
o X |xE) - x
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FIGURE 1. Geometry for cross-dose calculations in multicellular
clusters. The radii of the cells (R¢) and cell nuclei (Ry) are 5 um and
4 um, respectively. The parameter z is the distance between the
centers of the cells, and x is a vector of length x that begins at a
random point within the source region h (filled region) of the source
cell and ends in the target region k (cross-hatched region) of the
target cell.

the nontarget to target geometric factors Y54 (x) for calcu-
lating the cross-dose are given in the Appendix.

Absorbed fractions for electrons and alpha particles are
calculated by numerical integration of Equation 2 using a
FORTRAN 77 code running on a UNIX-based HP9000
series 800 computer. Dose rates to cells in the cluster are
computed using Equation 1 and the calculated absorbed
fractions.

Radionuclides and Radiation Spectra

Several radionuclides are considered in these model cal-
culations. Auger electron emitters considered include *'Cr,
67Ga, 99m'rc’ lll[n’ IBI’ 17.51, 2D1T1’ 193mPt and 203Pb. The
radiation spectra for these Auger emitters were taken from
the recent AAPM Task Group Report (17). Calculations
are also performed for the beta emitters >P, 3°S, #Rb, *°Sr,
0y, Sty, 114mpp 131 208T] and !2Pb using radiation spectra
from Weber et al. (I8). Because use of the mean beta
energy can introduce errors in cellular dosimetry (7, 10), it
is essential to use radiation spectra that reflect the contin-
uous nature of the beta-spectrum. Browne et al. (19) have
conveniently binned the beta-particle spectra in a logarith-
mic manner with respect to energy for all radionuclides.
Hence, beta-particle components of Weber et al.’s spectra
(18) are replaced with these. The final radionuclides con-
sidered are the alpha emitters >'°Po, 2'?Bi and 2'?Po (18). In
addition to the numerous radionuclides considered above,
multicellular dosimetry calculations are also carried out for
hypothetical emitters of monoenergetic electrons (10
keV-1 MeV) or alpha particles (3-10 MeV).
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Self-Absorbed Fractions and S-values for Small
Spheres

Because complex multicellular dosimetry is sometimes
not needed to adequately describe the dose received by the
cells within a micrometastasis, it is useful to calculate self-
absorbed fractions for uniform distributions of hypotheti-
cal monoenergetic electron and alpha emitters in small
spheres (26-5000 xm in diameter). Similarly, S-values for a
number of radionuclides are calculated for convenience.
These calculations were performed using the computer
code of Goddu et al. (10) which is valid for both cellular
and macroscopic dimensions. Computational results were
spot-checked against the code of Howell et al. (4).

RESULTS AND DISCUSSION

Alpha, beta and Auger emitters have all been promoted
as candidates for radioimmunotherapy (2-4,6). The useful-
ness of each class of emitter largely depends on the size of
the tumor, the fraction of cells labeled within the tumor,
and the subcellular distribution of the radioactivity. The
present multicellular model calculations permit an in-depth
examination of the unique complications involved in the
dosimetry of very small micrometastases.

Multicellular Dosimetry

The computational results presented in Figure 2 examine
the dependence of the mean ratio of self-dose-to-cross-
dose to the cell nucleus (sd/cd ratio) as a function of elec-
tron energy. The monoenergetic electron sources are as-
sumed to be uniformly distributed in either the cytoplasm
or nucleus of the cells, or on the cell surface. Each cell
contains the same activity. It is clear that for large clusters
(d = 400 um), the self-dose contributes less than 10% of the
total dose to the cell nucleus for electron energies greater
than about 30 keV regardless of the subcellular distribution
of the activity. This is largely true for the 106 um cluster,
with perhaps intranuclear localization of the radioactivity
being the exception. Below 20-30 keV, the importance of
the self-dose increases dramatically with it being the dom-
inant contribution to the dose to the cell nucleus at energies
less than 10 keV. Also shown in Figure 2 is the upward
trend in sd/cd ratios as the size of the cluster decreases.
For very small clusters (i.e., <100 um), where the cross-
fire is limited because of the small number of cells, the
self-dose plays an important role for all subcellular distri-
butions and all energies.

The results shown in Figure 3 for monoenergetic alpha
particles are similar to those portions of the curves in
Figure 2 for electrons having ranges of several cell diame-
ters or more in unit density matter (>50 keV). Because the
range of the alpha particles is also several cell diameters,
the cross-dose component of the dose to the cell nucleus is
of greatest importance. In fact, the self-dose only plays a
major role when the alpha emitter is localized in the cell
nuclei of very small clusters (e.g., ~26 um).

Figures 2 and 3 suggest that when 100% of the cells in the
cluster are labeled, the self-dose is usually small for alpha
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FIGURE 2. Dependence of the ratio of the self-dose-to-the cell
nucleus to the mean cross-dose-to-the cell nucleus on electron
energy. All cells in the multicellular cluster contain the same activity
of a monoenergetic electron emitter that is uniformly distributed in
either the cell nucleus (solid line), cytoplasm (dashed line) or on the
cell surface (dotted line). Three different cluster diameters are con-
sidered (26 um, 106 um and 400 um). Note that the self-dose
dominates at low electron energies for all cluster sizes and all sub-
cellular distributions. Furthermore, the self-absorbed dose plays a
key role for all energies and all subcellular distributions when the
cluster size is very small. As the cluster size increases, the role of the
self-dose becomes minimal.

emitters and energetic electron emitters. However, it may
be that only a fraction of cells in the cluster are labeled with
radioactivity. Figure 4 shows dose profiles on a cell by cell
basis as one moves across the cluster for three radionu-
clides (*®Y, ?'°Po or ZI) distributed uniformly in either the
nucleus or on the cell surface. Either 1%, 10% or 100% of
the cells in the 400-um diameter cluster are randomly la-
beled. These radionuclides were selected as examples of
beta, alpha and low-energy Auger electron emitters, re-
spectively. Clearly, the subcellular distribution of the radi-
onuclides and the self-dose play an increasingly important
role in the dose profile as the fraction of cells that are
labeled decreases. This is true for alpha, beta and Auger
emitters alike, although the greatest effect on the dose
profiles is seen for the Auger emitter '*I. For example,
when Y is localized in the nucleus (cell surface) of only
1% of the cells, the labeled cells receive a dose 4-12 (2-5)
times greater than the unlabeled cells. Factors of the order
of 100 and 1000 are observed for '*I when 10% and 1% of
the cells are randomly labeled, respectively (Fig. 4). These
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FIGURE 3. Ratio of the self-dose-to-the cell nucleus-to-the mean
cross-dose-to-the cell nucleus as a function of alpha particle energy.
Each cell in the multicellular cluster contains the same activity of a
monoenergetic alpha particle emitter that is uniformly distributed in
one of three cell compartments: cell nucleus (solid line), cytoplasm
(dashed line) and cell surface (dotted line). Three different cluster
diameters are considered (26 um, 106 um and 400 um). Note that,
in general, the self-dose does not constitute the major contribution to
the total dose delivered to the cell nucleus.

calculations suggest that multicellular dosimetry may play
a key role in RIT of micrometastases although we note that
1% labeling may not be likely in very small clusters.
Given the potential role of multicellular dosimetry in
RIT, it is also interesting to examine the effect of cluster
size on the sd/cd ratios. Figures 5-7 show the sd/cd ratios
as a function of the cluster diameter for *°Y, 2'°Po and %I,
respectively. In all three cases, the self-dose constitutes a
major fraction of the total absorbed dose to the cell nuclei
when 10% of the cells in the cluster are labeled, and sub-
cellular distribution substantially impacts the sd/cd ratio in
these cases. For 100% labeling, the self-dose is important
only when the cluster diameter is very small, with the
exception of the Auger emitter I where the self-dose is
nearly always significant. Because of the importance of the
self-dose in the case of Auger emitters, sd/cd ratios for cell
surface distribution Fy._cg are provided in Table 2 for
100% labeling with several common radionuclides of this
type including 5!Cr, ¢’Ga, #™Tc, !!In, 12, %], 19mpy,
271 and 2®Pb. There are substantial variations in the
ratios between the various Auger emitters which are due to
the marked differences in the details of their radiation spec-
tra (17). In addition, the cluster size has a pronounced
impact on the sd/cd ratio. The diameter of the cell and cell
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FIGURE 4. Dose-rate profiles in 400-um

diameter multicellular clusters containing 1
kBq of either 2°Y, 2'°Pg or 251, The radio-
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(ight), and the radioactivity is confined to
s 1% (dotted line), 10% (dashed line) or 100%
(solid line) of the cells in the cluster at ran-
dom. The spikes observed for the 1% and

 [ve0 Y-90
—~
¢
g 10.5 - - : 1 1 1
N 107
= I-125 25

102 | ; i
E 103 F : c‘i : i |
& f .:- .f "
w 10 i % WaNed ' ! $ ETNR |
@Dy
8 Po-210 o210

107 F I

10‘2 ,/,‘_ 1 \ , N [

_‘,.g-':‘ iy 10% labeling cases correspond to celis that
¥ R are labeled. The increasing importance of

20 -10 0 10 20 20 -10

RADIAL POSITION (CELL DIAMETERS)

0 1'0 the subcellular distribution and the self-dose

nucleus may have a substantial effect as well (9). The
tabulated ratios Fy, s for cell surface distribution are
relatively small and range from about 0.02 to about 2.7.
With the exception of 3'Cr, the sd/cd ratios for cytoplasmic
localization Fyy, o, are about two times larger than the
ratios for surface distribution Fy _g (Table 2, last col-
umn). The highly localized nature of energy deposition by
Auger emitters (20) is clearly indicated in column 7 of
Table 2. When Auger emitters are localized in the nucleus
of the cells in the cluster, the sd/cd ratios are enhanced by
about 8-35 times compared to localization on the cell sur-
face. The enhancement for *'Cr (85,000) is much greater
because most of the electrons emitted have very short
ranges (<1 um) and therefore the cross-dose contribution
is negligible. The therapeutic gain realized by introducing
these radionuclides into the nucleus is apparent. This gain
may be further enhanced by up to a factor of 10 due to the
high values of relative biological effectiveness (RBE) of
Auger emitters when localized in the cell nucleus (21-25).

The above examination of the dependence of the sd/cd
ratios on a variety of parameters provides insight into the
relative importance of the self-dose and cross-dose in RIT of
micrometastases. However, it is the absorbed dose to the cell
nuclei of the cluster that is of principal importance. The sd/cd
ratios presented in Table 2 and Figures 2, 3 and 5-7 may be
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20 is apparent as the percentage of cells that
are labeled decreases, particularly for the
Auger emitter 25|,
102
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FIGURE 5. Ratio of the self-dose-to-the cell nucleus-to-the mean
cross-dose-to-the cell nucleus as a function of multicefiular cluster
diameter for the hi beta emitter %°Y. The radioactivity is
uniformly distributed in either the cell nucleus (solid line), cytoplasm
(dashed line) or cell surface (dotted line), and is confined to 10% or
100% of the cells in the cluster. These curves show that the self-
dose can be significant for beta emitters when the cluster diameter
is small and when only a small fraction of the cells are labeled.
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FIGURE 6. Ratio of the self-dose-to-the cell nucleus-to-the mean
cross-dose-to-the cell nucleus as a function of multicellular cluster
diameter for the alpha emitter 2'°Po. The radioactivity is uniformly
distributed in either the cell nucleus (solid line), cytoplasm (dashed
line) or cell surface (dotted line), and is confined to 10% or 100% of
the cells in the cluster. These curves are very similar to those
obtained for the beta emitter °°Y and show that the self-dose is
significant for alpha emitters when the cluster diameter is small and
when only a small fraction of the cells are labeled.

used to calculate the total mean absorbed dose (self-dose +
cross-dose) to the cell nuclei of the labeled cells Dy, .

D, = Ayt sc‘f_,,(l +—1—). Eq.5
Fnen

The quantities A3 and S¥, are the mean cumulated

activity in a labeled cell and the cellular S-value (10),

respectively. The cellular S-values are tabulated conve-

niently in our earlier report for a number of radionuclides

(10). As an example of calculating the mean absorbed dose

FIGURE 7. Ratio of the self-dose-to-the cell nucleus-to-the mean
cross-dose-to-the cell nucleus as a function of multicellular cluster
diameter for the Auger emitter '2%|. The radioactivity is uniformly
distributed in either the cell nucleus (solid line), cytoplasm (dashed
line) or cell surface (dotted line), and is confined to 10% or 100% of
the celis in the cluster. The self-dose always constitutes a significant
fraction of the total absorbed dose to the cell nucleus for Auger
emitters.

to the cell nuclei using Equation 5, consider a 200-um
diameter cluster containing '2I uniformly distributed on
the surface of the cells (Rc = 5 pm, Ry = 4 um). Taking
Fnecs (*2I) = 0.0983 from Table 2 and SEf s = 1.40 x
10* Gy/Bq - s from Goddu et al. (10), one obtains 1.56 x
10~ A, The mean dose to the cell nuclei for surface
distribution is then 1.56 x 10~ Gy per unit cumulated
activity in the cell (Bq -s). Similar calculations may be
performed for alpha and beta emitters using the sd/cd ratios
in Figures 2 and 3 and the S-values (10).

Although calculation of cellular doses within multicellu-

TABLE 2
Self-Dose-to-Cross-Dose Ratios for Auger Electron Emitters
Approximate subcellular distribution
Self-dose-to-cross-dose ratios (Fy._cs) enhancement factor
26 48 106 200 400
Radionuciide um pm um pum pum FrnenFrn—cs Frn—cy/Fn—cs
SiCr 0.527 0.203 0.0738 0.0376 0.0180 85000 5850
Ga 1.40 0.543 0.182 0.0877 0.0604 14 25
faaid [ 0.789 0.332 0.127 0.0615 0.0290 35 1.9
M 0.792 0.442 0.254 0.162 0.0868 15 1.6
12 0.531 0.284 0.158 0.0983 0.0528 21 19
125) 0.482 0.263 0.193 0.175 0.174 25 23
1%mpt 1.84 0.769 0.292 0.157 0.0796 12 2
201 147 0.691 0.313 0.198 0.146 14 2
203py, 267 117 0.467 0.269 0.145 20 25
526 The Joumal of Nuclear Medicine * Vol. 35 ¢ No. 3  March 1994
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FIGURE 8. Absorbed fractions for sources of monoenergetic
electrons distributed uniformly in spheres of unit density matter.

lar cluster models sheds light on a number of important
dosimetric considerations, the application of such calcula-
tions to predict biologic effect (e.g., eradication of the
micrometastases) remains tenuous. Calculation of the ab-
sorbed doses received by the cells within an in vivo mi-
crometastasis requires detailed information on the geome-
try of the cluster, as well as biokinetic data on the uptake,
clearance and subcellular distribution of radioactivity
within each cell of the cluster. To further complicate mat-
ters, subcellular distribution may vary with time. These
data are clearly difficult to acquire, particularly for the very

FIGURE 9. Absorbed fractions for uniform distribution of mo-
noenergetic alpha particle sources in spheres of unit density matter.

small metastases that are the topic of this work. Some
strides have been made, however, in gathering some of the
needed in vivo data using quantitative autoradiographic
techniques (26-28). Correlation of the doses calculated
from these data with the biologic effect remains a challenge
(29).

Macroscopic Dosimetry

In those instances where the self-dose plays little or no
role, the mean absorbed dose to the cell nuclei is essen-
tially equal to the mean absorbed dose to the microme-

TABLE 3
S-values for Spheres Containing Uniformly Distributed Activity
S-Value (Gy/Bq - s)

Radionuclide 26 um 48 um 106 um 200 um 400 um 1000 um 5000 um
2p 3.59E-05 1.04E-05 2.12E-06 5.86E-07 1.44E-07 2.28E-08 7.59E-10
g 1.32E-04 3.29E-05 5.55E-06 1.17E-06 1.85E-07 1.36E-08 1.16E-10
SiCr 6.23E-05 9.99E-06 9.33E-07 1.39E-07 1.74E-08 1.12E-09 9.04E-12
Ga 1.29E-04 2.45E-05 3.33E-06 7.71E-07 1.26E-07 9.39E-09 8.12E-11
%Rb 4.02E-05 1.15E-05 2.31E-06 6.28E-07 1.50E-07 2.32E-08 7.13E-10
%Sr 4.10E-05 1.17E-05 2.35E-06 6.37E-07 1.52E-07 2.35E-08 7.12E-10
soy 3.53E-05 1.02E-05 2.07E-06 5.71E-07 1.39E-07 2.19E-08 7.56E-10
oy 4.06E-05 1.16E-05 2.33E-06 6.33E-07 1.51E-07 2.34E-08 7.14E-10
%M Te 5.25E-05 9.37E-06 1.12E-06 2.36E07 4.79E-08 4.14E-09 3.81E-11
M 1.08E-04 1.95E-05 2.16E-06 3.97E07 7.22E-08 7.45E-09 791E-11
namin 1.34E-04 3.18E-05 5.45E-06 1.42E-06 3.53E07 5.07E-08 1.05E-09
123 1.15E-04 2.11E-05 2.39E-06 4.49E-07 8.28E-08 7.05E-09 6.48E-11
125 2.53E-04 4.59E-05 4.66E-06 7.17E-07 9.13E-08 5.91E-09 4.75E-11
3 8.37E-05 2.25E-05 4.20E-06 1.03E-06 2.16E-07 2.80E-08 4.01E-10
183mpy 4.15E-04 7.73E05 9.84E-06 2.04E-06 4.07€E-07 3.50E-08 3.22E-10
20 2.97E-04 5.39E-05 6.34E-06 1.17E-06 1.74E-07 1.27E-08 1.09E-10
203pp 1.71E-04 2.94E-05 3.19E-06 5.65E-07 9.28E-08 1.00E-08 1.16E-10
20em) 4.52E-05 1.29E-05 2.59E-06 7.05E-07 1.69E-07 2.61E-08 7.43E-10
210pg 1.25E-02 3.93E-03 8.04E-04 1.57€-04 2.24E-05 1.54E-06 1.28E-08
212pph 1.92E-04 4.53E-05 7.53E-06 1.78E-06 3.80E-07 4.26E-08 5.32E-10
212g; 4.26E-03 1.30E-03 2.90E-04 6.10E-05 9.04E-06 6.41E-07 5.71E-09
212pg 9.46E-03 2.84E-03 6.30E-04 1.83E-04 3.19E-05 2.42E-06 2.10E-08
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tastasis as a whole. Hence, the complex multicellular
structure may be abandoned in these instances and the
self-dose to the sphere may be calculated using conven-
tional techniques (15). However, there is little information
available on absorbed fractions for particulate radiation
emitted from very small volumes. Accordingly, absorbed
fractions for a uniform distribution of monoenergetic elec-
tron sources in homogeneous spheres of unit density mat-
ter are given in Figure 8 to facilitate absorbed dose calcu-
lations for micrometastases. Data are provided in Figure 9
for monoenergetic alpha sources. For convenience, S-val-
ues for calculation of self-absorbed doses to spherical re-
gions containing uniformly distributed radioactivity are
given in Table 3 for a number of radionuclides.

SUMMARY

The computational results described in the present work
provide guidance with regard to the dosimetry of very
small micrometastases. The relative importance of the self-
dose and cross-dose delivered to the nuclei of the cells in
the cluster depends strongly on the type of radionuclide
(alpha, beta and Auger), cluster diameter, subcellular dis-
tribution and fraction of cells that are labeled. In general,
the cellular self-dose plays a primary role when Auger
emitters are used to treat micrometastases. However, the
cross-dose frequently constitutes the majority of the dose

YR s = 4WRY
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delivered by alpha and beta emitters. The exceptions to
this are when the cluster diameter is very small (<50 pm)
or when only a small fraction of the cells in the cluster are
labeled. When the cross-dose dominates, the mean ab-
sorbed dose to the cell nuclei in the cluster is reasonably
well represented by the mean absorbed dose to the cluster
as a whole. Although many of the salient aspects of the
dosimetry of micrometastases have been addressed here,
other factors may need to be taken into account such as
nonuniform distributions of activity in the cluster (7), clus-
ter growth (30), cell size (9) and microdosimetric consid-
erations (8 31,32). Finally, relating the absorbed doses cal-
culated at the cellular level to observed biological effects
(i.e., sterilization of the micrometastasis) may be difficult
and must account for dose rate effects (2,33) and RBE if
alpha or Auger emitters (21, 23-25,34) are involved.

APPENDIX

The geometric factors y§,(x) used for calculating the self-
absorbed fraction for radioactivity within the cell were provided in
an earlier article (10). The geometric factors yY{ h(x) used for
calculating the dose from neighboring cells (cross-dose) are given
below. Figure 1 shows the geometry of the source and target cell
within the multicellular cluster. When radioactivity is distributed
uniformly on the cell surface (CS) of the source cells, the geomet-
ric factor for the target cell nucleus (N) is given by

whenx s z—-Rc—Ry

- W[x® + 3x%Rc — 2) + 3x(R% — 2zRc + 22 — R%)
- 2R}, + RE — 3zR% + 3R(Z - R) - 2° + 3R%z]

whenz—-Rc—Ry = x < z—Rc+Ry

when Rc # Ry
andz—Rc+Ry = x s z+Rc—Ry

— W[ - X + 3%Rc + 2) + 3x( — R& — 22Rc — 22 + RY)
- 2R}, + R% + 3zR% + 3R(Z — RY) + 2 - 3R%z]

whenz-Ry+Re = x < z+ Ry +R¢

whenx = z+ Ry +Rg,

Eq. Al
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where z is the distance between the centers of the source and
target cells (Fig. 1), x is the distance from a random point within
the source region to a random point in the target region, and W =
1/(24zxR ). The parameters R and Ry, are the radii of the cell and
cell nucleus, respectively. When the entire cell is taken as the
target region, the geometric factor YZ2¢s(x) may be obtained by
substituting R for Ry in the above equation. These geometric
factors, which depend only on z, x, R and Ry, are relevant for
any given pair of source and target cells and are therefore inde-
pendent of the manner in which the cells are packed into the
multicellular cluster (e.g., hexagonal, body-centered cubic, etc.).

When the radioactivity is distributed uniformly throughout the
source cell (C) and the nucleus of the target cell is taken as the

target region, the geometric factor YJos¢(x) is given by

(0

Y [x° - 52x* + 102> - RZ - RY)
+10x%3R%z — 2R, — 2R% + 3R%z — 2°)
+ SX(6RZRZ — 6R%z% + 8R3z — 3RY,
— 3R& + 8zR% - 6R2Z + 2¥)
— 4RE + 15zRE — 20RYZ* - RY)
+ 10RZ(2RY; + Z° — 3zR})
- Z° + 10R%Z> - 20R}Z* + 15R}z — 4R%]

g =< 8YRY[ — 5% + 10z + SRZ — 522 - R%]

- Y [x® - 5z¢* + 103z - R2 - R})
+ 10x*(3R3z + 2R}, + 2RE + 3R2z - 2°)
+ Sx(6R%RZ — 6R%Z* - 8R}z — 3RY
- 3R¢ - 8zR¢ - 6R%Z* + Z')
+ 4R + 15zRE + 20RY(Z? — R3)
+ 10R%( — 2R}, + Z> - 3zR%)
~ Z° + 10R32> + 20R}Z* + 15R}z + 4RY]
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where Y = 1/160zxR2. The geometric factors y§I>*a(x) and
Y& =(x) may be obtained by substituting Ry, for R and R for
Ry, respectively, in the above expression for ¢o2¢(x).

The expressions above may be used with Equation 2 to directly
calculate the absorbed fractions ¢&>(x), ¢Fcs(X), PRen(X),
and ¢T¢s(x). Using the reciprocity theorem (15), one may ob-
tain the quantity ¢R°¢,(x) from the above absorbed fractions.

cross MN [TC  cross cross
eey=— |— dNec— dNe . A3
PN—cy mcy(mN¢N c—oN N) Eq
The quantities m,, my and mc are the mass of the cytoplasm,
nucleus and cell, respectively. It should be noted that when the
source and target cell are separated by more than a few cell diam-
eters, the quantities §FZN(X), SRTes(x), and SREE,(x) are usually

when x <z - Rc - Ry

when z— Rc-Rysxsz-Rc+Ry

whenz—-Rc+Rysxsz-Ry+Re

whenz—-Ry+Resxsz+Ry+Re

whenx2z+ Ry +Rg,

Eq. A2
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approximately equal to one another. That is, the cross-dose to the
target cell is not strongly affected by the subcellular distribution of
the radionuclide in the source cell when the separation between the
source and target cells is more than a few cell diameters. The
separation distance at which the difference in these quantities be-
comes negligible depends primarily on the diameters of the cell and
cell nucleus, and the range of the emitted radiations.
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