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Abstract

In the context of radioimmunotherapy of cancer, there is a need for continued improvement of
dosimetry of radionuclides localized in tumors. Current methods assume uniform distribution of
radionuclides in the tumor despite experimental evidence indicating nonuniformity. We have
developed a model in which nonuniform distribution of radioactivity in the tumor is taken into
account. Spherically symmetric radionuclide distributions, depending linearly and exponentially
on the radial position, are considered. Dose rate profiles in the tumor are calculated for potentially
useful beta-emitting radionuclides, including 32P, 67Cu, 90Y, 111Ag, 131, and 188Re, and for
193mpt, an emitter of conversion electrons and low-energy Auger electrons. For the radionuclide
distributions investigated, high-energy beta emitters, such as %Y, are most effective in treating
large tumors (diameter, &z, 1 cm), whereas for small tumors (¢~ 1 mm), medium energy beta
emitters such as 7Cu are better suited. Very small tumors (¢< 1 mm), and micrometastases are
best handled with low-energy electron emitters such as 93Pt
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1. Introduction

The advent of radiolabeled monoclonal antibodies (MAD's) has elicited much interest in the
possibility of developing cancer cell specific radiopharmaceuticals for therapeutic purposes.
It is generally believed that radioimmunotherapy (RIT) may be effective in treating
metastases and small tumors, where surgery may not be feasible, by suitable combinations
of MAb's and radioisotopes. Numerous factors dictate the choice of both the MAb and the
radionuclide. DeNardo et a/! considered some of the biological questions concerning MAb's
and appropriate targets, as well as radionuclide selection based on absorbed doses around
point sources. Jungerman et a/2 have performed similar calculations. Wessels and Rogus3
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have noted several of the biological and physical factors that determine the tumor dose
relative to the liver and whole body. These studies do not address the radionuclide
distribution in the tumor.

Current Medical Internal Radiation Dose (MIRD) guidelines? for estimating doses to
individual organs are based on uniform radionuclide distribution in homogeneous media® of
varying shapes and sizes. The assumption of uniformity may be adequate for homogeneous
normal tissue where the radioisotope carriers permeate the entire tissue. As tumor tissue
undergoes microvascular changes during the various phases of malignant growth, the flow of
blood to interior regions of some tumors may be inhibited, and necrosis may develop.®
Heterogeneities in blood flow may also cause nonuniform distributions of radioactivity in
tumors. Kwok et al.” recently considered this problem theoretically. They calculated the
spatial dose rate distribution in a sphere of soft tissue containing 1311, 32P, and hypothetical
sources of monoenergetic photons. Their convolution technique has the advantage of
accepting any distribution of activity. Humm® has employed a similar tumor model to
calculate the absorbed doses using Charlton's influence functions.® This method has not
been adapted to handle inhomogeneous regions of activity. However, the effect of different
size “cold regions” was investigated for 90Y, 77As, and 199Au, representing high-, medium-,
and low-energy g particles, respectively. The results suggest that as the size of the cold
region increases, correspondingly higher energy B emitters are required to sterilize the
tumor.8 Based on calculations for spherical sources of uniformly distributed activity, Humm
has also concluded that as the size of the tumor decreases it becomes more advantageous to
use low-energy electron emitters in order to minimize the dose to the normal tissue, in
agreement with an earlier observation of Sastry et a/.1°

In this work, we expand on the above findings by examining the radial dependence of the
tumor dose on tumor size, activity distributions within the tumor, and radiation type and
energy. Using spherically symmetric distributions of activity in homogeneous unit density
spheres (diameters, d= 0.1 and 1.0 cm) as the model, the radial dependence of the dose rate
for several B emitters has been determined. Three different hypothetical distributions of
radionuclides are considered: (1) uniform, (2) linearly dependent on the radial position, and
(3) an exponential radial dependence. For purposes of comparison with the work of Kwok et
al.,” a fourth activity distribution representing a tumor with a necrotic core is also
considered. Finally, we calculate the dose to organs in the peritoneal cavity following
intraperitoneal (ip) injection of radioactive material.

Radionuclides which decay by the emission of 8-rays have been suggested for use in
radioimmunotherapyl-3:8:10; hence 32p, 67Cu, 90y, 111Ag, 131| and 188Re are selected for
these calculations. These g emitters are some of the potential candidates for RIT since their
emissions have maximum ranges varying from 2 to 12 mm in soft tissue. Table | contains a
summary of the properties of these radionuclides. In addition, results are obtained for
193mpy, a prolific Auger electron emitter by virtue of its decay almost entirely by internal
conversion.11 About three conversion electrons and 26 Auger electrons are emitted by this
radionuclide per decay.!! In view of the short range of the conversion electrons (see
footnote, Table 1), this radionuclide may be of special interest to RIT for treating small
metastatic tumor cell clusters.
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Our results show that medium-energy S emitters such as 67Cu may be well suited for therapy
of tumors ~ 1 mm in diameter regardless of activity distribution, while high-energy g
emitters such as %0 are more appropriate for larger tumors. In addition, the results suggest
that 1937Pt may be efficient in treating very small tumors (&< 1 mm) with minimal dose to
the surrounding normal tissue.

[l. Methods

A. Formulation of dose rates within the MIRD schema

The tumor model used in this work is a homogeneous sphere of unit density matter
surrounded by healthy tissue of the same composition. Radioactivity is confined to the
tumor. The spatial dependence of the dose rate to the tumor and surrounding tissue is found
by computing the rate to 25 concentric shells of equal thickness. The geometry is indicated
in Fig. 1. Per unit of radioactivity in the tumor, the total dose rate to the j#h annular region,
from all the different components of the emitted radiations, may be written in the MIRD
formalism# as follows:

)
< oA, .
pY = > = nola. ®
i

where
Y = dose rate to jth annular region in Gy/h per MBq of activity in the tumor;
§j) = fraction of energy of the th radiation component absorbed in the jth annular
region;
m) = mass of jth annular region in g;

A;, = mean energy of the th radiation emitted per unit cumulated activity in g
Gy/MBqg h; and

<1>§j) = ¢,§j)/m(f) = specific absorbed fraction in the jh region for the #h radiation.

Average dose rates to the whole tumor (D,,e) may be calculated using Eq. (2), where ¢! is

the fraction of energy of the th radiation absorbed by the entire sphere, and M s the total
mass of the sphere:

> o1 D m(f>) . @
J J

Dave = %z‘bztOtAi = ZAi
i i

B. Activity distributions

Formulation of an appropriate mathematical description which represents the /n vivo
temporal and spatial activity distribution in tumorous tissue following administration of
radiolabeled MAb's requires consideration of the effective half-life of the MAD radioisotope
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complex, vascularity of tumor tissue, capillary and cell permeability, tumor geometry, and
several other variables. In order to gain some insight into choosing appropriate radionuclides
for RIT, we have used a simple model where the tumor is represented by a sphere of radius
R containing a static and spherically symmetric activity distribution. If blood flow to the
central region of the tumor is restricted due to modifications of the intratumor vascular
network during growth,8 activity in the tumor may be expected to be localized
predominantly in its peripheral regions. Accordingly, the radial dependence of the activity
density pa (9) is represented by a linear and an exponential function, with no activity at the
center and increasing radially outward. These mathematically simple distributions result in
concentration of the activity, in different degrees, toward the sphere's perimeter. For the sake
of comparison, calculations are also performed for radioactivity uniformly distributed in the
spheres. The activity distribution functions considered are given below:

Uniform: p4 (s) = Al V,

where V' = %nR3; 3)
Linear: p4(s) = (Ag/ er4)s; @]

-1
S)-5- 3] (e —1). ©)

a a? a

A 2 3
Exponential: p4(s) = (4—2) eaR(R_ _2R + 2 ) 2 _R

In order to obtain dose rates per unit activity, each distribution is normalized according to
Eq. (6), where A is the total activity in the tumor, and V; the tumor volume:

1
—_— dv =1. 6

The choice of the constant ain Eq. (5) is arbitrary. A value of a=5/Ris used in this work,
representing a rapid decrease in the density of activity as one proceeds from the perimeter to
the center of the sphere.

For comparison with the results of Kwok er a/,,” we have considered an additional activity
distribution given by Eq. (7), used in their work:

O0MBg/ml, 0<s<R,,

= 7
PAS) =1\ MB/ml, R, < s <3R,,. @

It represents a tumor where the central necrotic core (radius <, = 2.2 mm) contains no
activity. Equation (7) may also be applicable for organs surrounded by a sea of radioactivity.
This situation may arise following ip injection of radiolabeled MAb's. Using this model, one
may calculate dose rate distributions in healthy organs from activity in the ascitic fluid.
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C. Photon absorbed fractions

Absorbed fractions ¢§j) for photons are computed using the point kernel — geometric

reduction factor approach of Berger,12 with two modifications: (i) provision for nonuniform
distribution of radioactivity, and (ii) the annular geometry of interest to this work. For the
configuration shown in Fig. 1, the fraction of energy of the th photon radiation absorbed in
the jth annular region is given by the following:

. R © o
I(J) = AL/ pa(s)arstds x / W(R, 1, ré, 8, X)A7px2®(x, E;)dx, (8)
0J0 0

Where
W(R, r{, ré, s, x) = geometric reduction factor for annular geometry;
® (x,E) = point isotropic specific absorbed fractionl3;
E;= energy of the th photon;
Pm = mass density;
s = distance from center of sphere to source point;
r{’z = inner and outer boundaries of jth annular region;
and
x = distance from source point to target point.

The function @ (x,£)) is given byl3

U
O(x, E;) = %

o A exp (— ux)Bep(px), ©)

where g, and z are the linear energy absorption and attenuation coefficients, respectively,
for photons of energy £ The energy absorption buildup factor B, is tabulated by Berger.13
The @'s are normalized according to

® 2
4npm[)‘ x“®(x, Ej)dx = 1.

The geometric factor y(R, r{, ré, s, x) may be understood as follows. Let an arbitrary source

point Pbe located at a distance sfrom the center of the sphere of radius / containing
radioactivity (Fig. 1). The variable x s the distance traveled by the radiation emanating from
the source point. Consider a spherical shell of radius x, centered on 2. If the annulus defined
by r, and r is the target region, then the geometric factor v is the fraction of the surface
area of the spherical shell that lies within the annular target volume. By definition, 0 < ¢ <
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1, depending on the geometry. The equations defining  are presented in the Appendix for
various contingencies arising from the geometry of Fig. 1.

D. Absorbed fractions for monoenergetic electrons

Computations of absorbed fractions for electrons are similar to the case of photons except
that the point kernel is replaced by Cole's!4 energy loss expression for electrons with
appropriate normalization. For unit density matter, Cole has experimentally established that
the electron energy £ (in keV) and the range X (in xm) are related by

E = 5.9(X +0.007)°°% +0.004 13x '3 - 0.367. (10)

Differentiation of Eq. (10) yields Eq. (11) for dE/d.X, the rate of energy expended as the
electron traverses an infinitesimal path aX of its range in the continuously slowing down
approximation (csda):

4% = 3333(X +0.007) 4 10,0055 X% a

Using Eq. (11) and following Kassis et al., 1> we may write the absorbed fraction for the jth
shell and #th electron of initial energy £;as

gb(j) = L-/.Rp (s)4ﬂs2ds></oo\|f(R s x)id—E dx (12)
1 AO o A A s 17253, EidX X(Ep - x .

In Eqg. (12), xis the distance traveled by the electron from the source point 2, and dE/dX is
continuously reevaluated as the electron with initial energy £; and initial range X(&)),
undergoes loss of energy as it moves away from the source point. Cole's experimental data,
14 available over energies from 20 eV to 20 MeV, provide maximum flexibility for use with
Auger electrons, conversion electrons, and Srays. Care should be taken when considering
electrons with very low energies since Egs. (10) and (11) provide a poor fit to the
experimental data below 0.4 keV. In this energy region, we have fitted Cole's experimental
data to a power series expression for use in the computer dosimetry program. Recent Monte
Carlo calculations confirm the adequacy of continuous slowing down approximation (csda)
to spheres with radii > 10 nm.16

E. Beta radiation

The B spectrum is continuous up to the endpoint energy. For all the g emitters in Table I,
except for 20V, the spectra have the usual “allowed” shape associated with statistical sharing
of available energy between the g particle, antineu-trino and the residual nucleus. The
additional energy dependencel” for the %Y unique once-forbidden transition is taken into
account. The calculated spectrum is divided into a large number of energy intervals of equal
width over the entire energy range, and the relative g particle yield per decay is calculated
for each bin for the radionuclides of interest. Treatment of the S radiation in this fashion
allows us to calculate absorbed fractions for B emitters using Eq. (12). For 87Cu, 111Ag, 131,
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and 188Re, which have several different groups, a composite 3 spectrum, weighted
appropriately by the branching ratios, is used.

F. Computations

Absorbed fractions given by Egs. (8) and (12), and the dose rates given by Eqgs. (1) and (2),
are obtained numerically on a VAX-11/750 computer. Input data for all radiations, including
yields and energies, are taken from the tables of Dillman and \on der Lage,8 with the
exception of 111 Ag and 1937Pt, The data for 111Ag are from Martin and Blichert-T6ft,1° and
from Howell er a/11 for 1937pt, All radiations emitted by each radionuclide are included in
the calculations. Possible corrections for bremsstrahlung are not included. The photon
attenuation and energy absorption coefficients in water as well as the energy absorption
buildup factors Bep, given by Berger,13 are used to calculate the functions ® (x,£) in Eq. (9)
for photons of various energies (£)) emitted by the radionuclides.11:18.19 The energy
dependent coefficients in the polynomial expression for B., may be found in Table 4 of Ref.
13. Incidentally, we note that the algebraic signs of the first four coefficients (&g through ;)
given in this table for 0.015-MeV photons should be reversed.

[ll. Results and Discussion

The relevance of nonuniform distributions of radioactivity to the dosimetry problems
encountered in RIT stems from tumor biology. Cells near the necrotic core are hypoxic as a
result of reduced blood flow to the center of solid tumors.20-21 Sterilization of these hypoxic
cells with RIT may be difficult since they are relatively radioresistant, and accumulation of
radioactivity in this region is much less than desirable. Accordingly, radionuclide selection is
governed by the need to deliver high enough doses to this central region while minimizing
the dose to the surrounding tissue, and to critical organs. The results presented here are of
interest in this context.

A. 90y ys 193mpt

Figures 2 and 3 show dose rate distributions in spheres of diameters 1.0 and 0.1 cm,
respectively, for 1 MBq of 1937t and 90Y distributed uniformly, linearly, and exponentially.
These results indicate the importance of choosing optimal electron energy toward achieving
the above aims. The longest range of conversion electrons from 1937pt is about 0.2 mm,
while the majority of the Auger elecrons have subcellular ranges. 1 Unlike 1937pt, 90y
emits energetic Srays with an endpoint energy of 2.27 MeV with the maximum range of
11.9 mm (Table I). The results in Fig. 2 indicate that, regardless of activity distribution, 90Y
delivers a much larger dose than 1937t throughout the 1.0-cm-diam tumor. It should be
noted, however, that the ratio of tumor to healthy tissue dose rate is substantially greater for
193mpt than for 90Y. In the case of the smaller 0.1-cm-diam tumor (Fig. 3), the efficacy of
193mpt vs 90V depends on the radionuclide distribution. Clearly, for both uniform and linear
distributions, 1937Pt is superior to 90 since it delivers a higher dose rate throughout most of
the tumor. It is also evident from Fig. 3 that the dose rate from the low-energy electron
emitter, 1937Pt, is more nonuniform than that from 20Y when the radioactivity is
exponentially distributed. Even so, the dose rates from 1937Pt and %0Y are equal at r= R/2,
and for RI2< r<R, values for 193Pt are considerably greater than for %0Y. While sterilization

Med Phys. Author manuscript; available in PMC 2021 January 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Howell et al.

Page 8

of the inner core may be a desirable goal, it is noteworthy that almost 90% of the total tumor
volume, contained in the outer region (R/2 < r<R), may be treated better with 1937t than
with 90Y in this case.

Although the above comparisons are useful, estimates of the cumulated tumor dose are
necessary to predict the effect of a given radiolabeled antibody. A quantitative comparison of
the dose to the central core of a 0.1-cm tumor can be made by assuming an initial tumor
uptake of 1 kBq and no biological elimination of the radionuclide from the tumor. These
assumptions along with the results in Fig. 3 yield doses to the center of the tumor (¢=0.1
cm) of 1.0 and 4.3 Gy for exponential distributions of 1937Pt and 90Y, respectively. The
maximum doses for the two isotopes, which occur just inside the tumor surface, are 22 and
7.0 Gy, respectively. The actual doses, which take account of the biological clearance, may
be significantly lower than the above.

Is 1 kBq a reasonable estimate of the uptake? Assume that the 0.1-cm-diam tumor is a
cluster of 10-zm-diam cells in a close packed cubic geometry. Since the packing density for
this geometry is 0.74, the cluster contains about 740 000 cells.10 Correspondingly, the cell
density is 1.4 x 106 cells/mm.3 One kBq of carrier-free 90Y radioactivity (half-life = 64 h)
contains 3.3 x 108 90Y atoms. If this activity is distributed exponentially in the tumor
according to Eq. (5), then we can estimate the density of %0Y atoms at the periphery of the
tumor. With s= R= 0.5 mm, and a = 5/R, Eq. (5) gives an activity density of 4.8 kBg/(mm)3
at the periphery. Correspondingly, the density of 90Y atoms in this region is about 1.6 x 10°
atoms/mm.3 If each MADb, labeled with one %Y atom, is bound to a cell surface antigen, the
minimum number of such binding sites per cell is about 1.2 x 103 for localization of 1 kBq
of activity in the 0.1-cm-diam tumor. A similar analysis for carrier-free 1937Pt (4.33 ¢ half-
life) gives a required minimum of about 1.9 x 108 binding sites per cell. Both of these values
are well below the 6.9 x 106 tumor-specific antigenic cellular binding sites on AKR virus-
induced lymphoma cells, as reported by Boone et a/22 Thus, in principle, a 0.1-cm-diam
tumor may be capable of an uptake of 1 kBq of radiolabeled MAb's exponentially distributed
according to Eq. (5).

B. Comparison between different radionuclides

The nature of the radioisotope, its distribution within the tumor, and the tumor size all
contribute to the dose rate profile. For each tumor size and radionuclide distribution there
may be an optimal electron energy which yields the greatest dose rate to the tumor. This is
illustrated by Figs. 4-7 where the dose rate is plotted as a function of radial position in the
tumor for the B emitters 32P, 67Cu, 90Y, 111Ag, 131] and 88Re, and for 93Pt in Table I.
Figures 4 and 5 reemphasize that high-energy g emitters (i.e., 32P, 90Y, 188Re) provide the
highest dose rates throughout large tumors (1-cm diameter); and 1311, 67Cu and 1937pt the
least with 111Ag in between. For the 0.1-cm tumor (Figs. 6 and 7), the situation is once again
different. For uniform distribution of activity, 1937t yields the highest dose rate throughout
the tumor and the lowest dose rate to healthy tissue (Fig. 6). When 1937Pt is distributed
exponentially (Fig. 7) in the 0.1-cm tumor, its electron emissions are not sufficiently
penetrating to irradiate the tumor center; however, it provides the highest dose rate to about
90% of the tumor volume. Figure 7 also shows that, for exponential distribution, the
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medium-energy B emitter 87Cu yields the best dose rate profile within and external to the
tumor, while 111Ag and 1311 are not very different. Interestingly, 188Re, though a high-
energy S emitter, also falls into this group by virtue of its conversion electron component.18
These results illustrate how the optimal electron energy and the optimal radionuclide for RIT
depend on the size of the tumor and the distribution of the radiochemical in the tumor.

C. Comparison with other work

In this study, we have adopted a geometric approach to macroscopic dosimetry of tissue
incorporated radionuclides. This is quite different from the method of Kwok et al,,” who
have used the fast Fourier transform as a computer algorithm for their convolution
technique. In adopting Loevinger's23 formalism for beta-point-specific absorbed fractions,
these investigators were limited to the use of average values of S-ray energies. Another
inadequacy noted by them is that Loevinger's formula does not allow for the inclusion of
monoenergetic electron groups in their dosimetry program. In contrast, our procedure
explicitly allows for mono-energetic electrons and for the g continuum. In view of these
differences, it is useful to compare results of calculations based on the present method with
the approach of Kwok et al. For this purpose, we have used their model, represented by Eq.
(7). The dose rate profiles for 32p, 131] and for 15, 30, and 100 keV hypothetical photon
emitters in Fig. 8 may be compared with the corresponding ones in their paper [Ref. (7), Fig.
4]. Although the agreement is quite good in general, some differences may be noted in
passing. For the g emitters 32P and 13!I, the maximum dose rates of Kwok et al.” are higher
by about 30% and 10%, respectively, compared to our values (Fig. 8). The dose rates in the
central necrotic core are considerably higher, while the dose rates in the “healthy region” tail
off more slowly in our approach compared to theirs. The most plausible reason for these
differences is use of the complete S spectrum in this work. Another notable difference is in
the dose rate profiles for mono-energetic photons shown in Fig. 8 to be compared with the
corresponding results in Fig. 4 in Ref. 7. Photons of energies 15, 30, and 100 keV have
linear energy absorption coefficients of 1.29, 0.140, and 0.0248 cm™1, respectively, in water.
24 The corresponding mean free paths for energy exchange are about 0.8, 7, and 40 cm.
Since these distances represent 1/e penetration depths for energy transfer in soft tissue, the
photon dose rates should decrease gradually in the “healthy tissue region” (> 6.6 mm).
Results in Fig. 8 are in agreement with this expectation. In contrast, data presented by Kwok
et al. (Figs. 4-6 in Ref. 7) show that photons of the above energies do not even penetrate into
this region, as indicated by the abrupt cutoff in the dose rate at 7= 6.6 mm, the boundary
between the tumor and healthy tissue. Considering that the basic data on photon absorption
are essentially the same in both calculations, this discrepancy is difficult to understand.

D. Dose to an organ in the peritoneal cavity

As noted in Sec. Il B, the activity distribution given by Eq. (7) may represent a healthy organ
surrounded by ascitic fluid containing radioactivity. This situation may occur in RIT of small
metastatic tumors in the peritioneal cavity. Using this model, we have calculated the average
doses to the human ovary. We assume that: (i) a 2-cm-thick shell of radioactive fluid

surrounds the ovary, (ii) there is no uptake of radioactivity by the ovary, and (iii) the organ is
spherical with a volume of 4.2 cm? for a standard person.® If zy; is the effective half-life (in
days) of the radiopharmaceutical in the peritoneal fluid, and x is the activity concentration in
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the fluid in MBg/ml, then the average dose to the ovary is given by 7.6 7, x Gy for %Y, and
0.0271/»x Gy for 1937Pt, The dose to the surface of the ovary is 11.47;,x Gy and 1.6 735«
Gy for Y and 1937t respectively. The surface dose to other organs is similar. The
physical half-lives of 90Y and 1937Pt (64 vs 104 h) are comparable. The half-times of
biological clearance for either radionuclide, bound tightly enough to the same MADb species,
may not be very different either. In that event, the above estimates suggest that small tumors
may be treated with low-energy conversion electron emitters such as 1937t with minimal
dose to healthy organs near by. For large tumors, energetic S emitters may be appropriate
despite an increased dose to surrounding organs.

IV. Concluding Remarks

This work is a contribution to tissue-incorporated radionuclide dosimetry of importance in
the application of radiolabeled MAb's for diagnostic and therapeutic purposes. Our
formalism, different from Kwok et a/.’ and Humm,2 is an adaptation of the established
approach of Berger.12 It facilitates estimation of dose rates for nonuniform radionuclide
distributions with spherical symmetry. Notable in these calculations are the following: (i)
inclusion of complete data on radiations from each radionuclide; (ii) appropriate treatment
of B spectra; and (iii) use of experimental data, rather than theory, for range-energy relations
and energy loss of electrons.14 There is general agreement in the literature!3.24 regarding
interactions of photons with matter. These considerations point to the quantitative nature of
the results. The dose rate distributions given are valid for homogeneous soft tissues with a
spherical geometry. The present formulation may be readily extended to organs of arbitrary
shape and size but possessing axial symmetry.2> Model calculations involving
discontinuities in soft tissue due to bone, pockets of air, etc., would be helpful.

Heterogenous distribution of radioactivity in tumors and the consequent inhomogeneity of
dose are attracting attention recently.”-26-29 While the Jin vitro work of Sutherland et a/3°
indicates a shell-type penetration of radiolabeled MAb's in tumor cell spheroids, quantitative
data are needed to obtain functional dependence of activity distributions in tumors,
especially /n vivo. The nonuniform distributions considered here, and the diffusion limited
distribution in the work of Kwok er al,,” are plausible, and the dose rate profiles presented
may shed some light on problems relevant to RIT. The targets of radiation action are the
nuclei of cells containing the radiosensitive DNA. Hence, radionuclide dosimetry at the
subcellular level is desirable. Such an approach is particularly necessary when the ranges of
the particulate radiations are less than or of the order of cell dimensions.1? The macroscopic
dosimetry considered here is valid and adequate since the ranges of the radiations (Table I)
are by far larger than typical cell diameters (~ 10 zm). The frequencies of hits suffered by
the targets and dose rate fluctuations are, no doubt, important from a microdosimetric
viewpoint. The dose rates given here are the mean values involving the decay of a large
number of radionuclides.

The present results may serve as guidance in the optimal choice of radionuclides based on
dosimetric considerations appropriate to various tumor sizes. The host of radionuclides
examined here provide an arsenal for the radioimmunotherapist. Even if high-energy S
emitters may be attractive in handling large tumors, the strategy needs modifications
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depending on tumor regression, and changing morphology, not to speak of various other
parameters of an interacting nature.® High-energy A emitters also contribute proportionately
more bremsstrahlung photons than those of lower energy. The implications of these for
healthy tissue, locally and farther away, need to be considered. These observations indicate
that optimal treatment with RIT requires that each tumor be considered individually. Recent
work by Hagan et a/.,26 in the nude mouse—human tumor model, shows that specific
radiolabeled MAb uptake per gram is inversely proportional to tumor size. Williams et a/2
have presented a model to explain such a dependence. While this behavior is presumably
due to necrosis as tumors enlarge, Hagan et a/. note that the above finding is independent of
the radiolabel, antibody type, nature of the tumor, the target antigen or its mobility.
Accordingly, it is plausible that smaller tumors in humans may accumulate greater
concentrations of radiolabeled MAb's, and may be more amenable to RIT than larger ones.
In this context, the medium- and low-energy electron emitters (e.g., 5’Cu, 1937t etc.)
should be useful as indicated by our results.

Inasmuch as minute cell clusters and individual cells are the ultimate limit of “very small”
tumors, a few final remarks of a microscopic nature are in order. For radiolabeled MAb's
localized on cell surfaces, the cellular RIT dosimetry model of Sastry et a/10 has indicated
that about 20 keV is an optimal electron energy for an effective irradiation of radiosensitive
targets in the nuclei of cells. The 38-h 119Sh almost uniquely satisfies this criterion. This has
been corroborated by Huram.8 The conversion electron and Auger electron spectra given by
Howell er a/1 for 1937pt indicate multiple utility of this radionuclide in RIT of small
tumors as well as at the microscopic level when attached to MAD's binding to cell surfaces.
Local and selective irradiation of intranuclear targets by the Auger electrons may be
exploited if the MAb's labeled with this radionuclide internalize into the cells. Since
platinum-coordinated complexes (e.g., c/s-Platin 11) are known to bind to nuclear DNA,11
such compounds containing 1937Pt may offer new opportunities to induce critical molecular
lesions in the DNA by the collective action3! of the numerous low-energy Auger electrons.
Although this radionuclide is not regularly available at present, it can be produced in a
carrier-free form by the (a, 37) reaction on '920s (natural abundance 41%) with a cross
section of 0.5 b.11 In conclusion, we hope that the various considerations presented in this
paper may be useful in radionuclide tumor therapy including RIT.
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Case 2., n+&rn-5

0, x<ryp—s,
1—[r%—(x—s)2]/4sx, rp—=s<x=<rp-s,
(r% — r%)/4sx, m—-—s<x<r|i+s,

[r% —(x - s)z]/4sx, ri+s<x<rp+s,

0, mn+s<x.

0, x<ry—s,
2 2
I=[r{=(x=5)/4sx,r1—s<x<ry+s,
1, ri+s<x<rp-s,
2 2
[y = (x—=9)"14sx, rp—-s<x<r+s,

0, mn+s<x.

Case 3. n<s£m, n+82n—-55-n<h-3S

Cased. nsssm, n+82n -,

1, x<s—rq,
1—[r%—(x—s)2]/4sx, s=r<x<r-s,
(r%—r%)/4sx, Mn—-—s<x<r|i+s,

[r% - (x - s)2]/4sx, ri+s<x<r+s,

0, rn+s<x.

S—n2n-=S

1, x<rp-s,
2 2
[ry = (x=s)"1/4sx, rp—s <x <s—ry,
(r%—r%)/4sx, s—=rp<x<ry+s,

[r% —(x- s)2]/4sx, ri+s<x<rm+s,

0, rn+s<x.

Case5. n<s<rn, n+nKn—-S5s—n<h-S5
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1, x<s-—rq,
1- [r% —(x - 3)2]/4sx, s—r1<x<s+rq,
Y= 1, s+ri<x<r-s,
2 2
[y —(x=29)"1/4sx, rp—-s<x<r+s,
0, n+s<x.
Case 6. &2
0, x<s—rp,
[r% —(x—- s)2]/4sx, s—rn<x<s-r|,
Yy = (r%—r%)/4sx, s—r1<x<s+rq,
[r% —(x - s)z]/4sx, s+ri<x<r+s,
0, mn+s<x.
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7>

Fig. 1.
Geometry used for calculation of the absorbed fractions. The homogeneous unit density

sphere (center C, radius R) represents a soft tumor tissue, containing a spherically symmetric
distribution of radioactivity given by Egs. (3)—(5). Located at a distance s from the center of
the tumor is an arbitrary source point 2. The variable x represents the distance traveled by
radiation emanating from the source point. The annular region between the radii r1, and 7, is
an example of the 25 target regions in which the dose rates are calculated. The fraction of
energy emitted from all source points in the entire sphere and absorbed in each target region
is calculated using Eq. (8) for photons, and Eq. (12) for electrons and for g particles (see
text, Sec. Il E).
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(Gy/h)

DOSE RATE

Fig. 2.

Dc?se rate profile for 90Y and 1937t as a function of the radial coordinate 7. Each
radionuclide (1 MBq) is assumed to be localized uniformly (uni), linearly (lin), and
exponentially (exp) in a tumor of 0.5-cm radius. Substantial tailing of the 9°Y dose rate into
healthy tissue regions (to the right of the vertical line at 7= 0.5 cm) may be noted.
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Fig. 3.
Radial dependence of dose rates for one MBq of 20Y and 1937Pt, The results are given for

uniform (uni), linear (lin), and exponential (exp) distributions of radioactivity in a tumor of
0.05-cm radius. To the right of the vertical line at #=0.05 cm is the healthy tissue region.
For any distribution, 1937Pt is superior to 90Y.
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Radial dependences of dose rates from various radionuclides. The results are for 1 MBq of

each activity uniformly distributed in a tumor (radius 0.5 cm). The curves show the

advantages and drawbacks of medium-, high-, and low-energy emitters in the context of

large tumors.
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Fig. 5.
Dose rate profiles for several radionuclides: 1 MBq of each is exponentially distributed in a

0.5-cm radius tumor.
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Fig. 6.

Spgatial dependence of dose rates: An intercomparison between several radionuclides. 1 MBq
each of 32p, 67Cy, 90y, 111ag, 131) 188Re and 1937t js assumed to be uniformly distributed
in a small tumor (radius, 0.05 cm). Note that the high-energy S emitters (32P and 90Y) are
not as effective as the radionuclides with medium- and low-energy particulate emissions.
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Fig. 7.
Relative efficacy of radionuclides distributed exponentially in a small tumor of 0.05-cm

radius. Radial dependence of dose rates is shown for 1 MBq of 32p, 67Cu, 90y, 111ag, 131,

188Re, or 1937pt, The highest dose rate to about 90% of the tumor volume is delivered by
193/77Pt_
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Fig. 8.
Spatial distribution of dose rates in the tumor model of Ref. 7 with a necrotic core. The

tumor is a sphere of soft tissue, 0.66 cm in radius. The central region (0-0.22 cm) is necrotic
with no uptake of radioactivity. Each one of the radionuclides, 32P, 87Cu, 90Y, and 1311, or a
hypothetical monoenergetic photon emitter (either 15, 30, or 100 keV) is assumed to be
uniformly distributed in the non-necrotic region of the tumor with a concentration of 1
MBg/ml. The region to the right of 7= 0.66 cm is the normal tissue.
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Table |

Data on the radionuclides.

Bemitter  Bray endpoint energy (MeV)  Maximum range (mm)¢  Half-life

3207 1710 87  143d
67cua 0576 22 6L7h
oy a 2273 119 64.0h
111Ag/7 1.035 4.8 7.45d
131ad 0.606 24 8.06 d
188Red 2.132 111 16.8 h

aReference 18.

bReference 19.

DCaIcuIated for unit density matter using Eq. (10).
dThe 0.806-MeV g group is very weak.

6[193”7Pt (4 33.d half-life) emits conversion electrons with average energy (yield) of 57.1 (0.16), 126.0 (0.84), 10.0 (1.0), and 1.0 keV (1.0) per
decay. The range of the highest energy group is about 0.2 mm. See Ref. 11 for more details and for data on other radiations.]
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