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ABSTRACT

Patients with B-cell lymphoma may have disease manifestations ranging in size from more than a 1000 cm?
down to the volume of a single cell. If targeted radionuclide therapy is to become a curative treatment, all
individual tumor cells must also be eliminated. Given the vast differences in particle energy of different elec-
tron-emitting radionuclides, one questions whether the mean absorbed dose is a relevant parameter for use
in single-cell dosimetry and whether it would not be more accurate to adopt a stochastic approach to dosime-
try. Monte Carlo simulations were performed of energy deposition from 1000, 300, 100, or 10 electrons uni-
formly distributed in a sphere with a radius of 7.7 um. The simulated electrons were monoenergetic (18
keV, 28 keV, 141 keV, or 935 keV). The absorbed dose per emitted electron, the absorbed fraction, the frac-
tion of the cellular volume in which energy is deposited, and the dose-volume histograms were calculated.
Absorbed fractions varied between 0.60 (18 keV) and 0.001 (935 keV), and the absorbed dose to the cell
per electron emitted varied by a factor of 10, from 0.898 mGy (18 keV) to 0.096 mGy (935 keV). The spe-
cific energy varied between 0 and 46 mGy for the case showing the best uniformity (1000 18-keV electrons).
The nonuniformity of the absorbed dose to a cell increases with increasing electron energy and decreases
with the number of decays inside the studied volume. The wide distribution of energy deposition should be
taken into account when analyzing and designing trials for targeted radionuclide therapy.
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patients can have disease manifestations ranging
in volume from more than 1000 cm? down to the
volume of a single cell. This large spread in the

INTRODUCTION

Approximately 25% of the patients diagnosed

with non-Hodgkin’s lymphoma exhibit malignant
cells in the circulation,! which means that these
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volume of tumors within one and the same pa-
tient will present a challenge in treatment opti-
mization and will place special demands on the
dosimetry and the choice of radionuclides for
therapy.

Radioimmunotherapy (RIT) is an established
form of treatment for B-cell lymphoma. In spite
of significantly higher remission rates, the dura-
tion of remission was not found to be longer fol-



lowing RIT (°°Y-labeled antibody combined with
cold antibody) than when using cold antibody
alone in a large, randomized study.? This is an
unexpected finding, as the quality of remission
(i.e., complete remission or partial remission) has
been reported to be correlated to the duration.? A
possible explanation could be that the energy
from the beta-particle emitted from Y is de-
posited outside the small tumor-cell clusters or
single cells. In order to achieve a cure or a longer
remission in lymphoma, it might be necessary to
deliver a higher absorbed dose to single tumor
cells. This might not only be relevant when treat-
ing minimal residual disease in different subtypes
of lymphoma, but also when treating the most
common type of lymphoma, B-cell chronic lym-
phocytic leukemia (B-CLL), with a large number
of malignant cells in the circulation.

Dosimetry, in terms of the mean absorbed dose
for the tumor cells circulating in peripheral blood,
can be performed by the use of the Medical In-
ternal Radiation Dose (MIRD) cellular S-values.*
S-values are generally calculated from a uniform
activity distribution,’ but a uniform activity dis-
tribution is no prerequisite for a uniform deposi-
tion of energy.® One reason for nonuniformity in
the deposited energy could be the presence of very
few atoms per cell. Very few atoms per cell, or a
very low activity in a small volume, will make the
stochastic effects in the specific energy (as de-
fined in ICRU report 60) more apparent. One
question that arises is, therefore, how many (or
few) radioactive atoms have to deposit their en-
ergy in a cell for the absorbed-dose concept to be
a relevant parameter on a cellular level. Another
question that must be raised is the influence of the
beta-particle’s energy on the absorbed dose and
specific energy. Even if the absorbed dose to the
cell (as calculated by the use of the MIRD cellu-
lar S-values) is a representative value, the energy
deposition in the cell should be uniform if the ab-
sorbed dose is to serve as a relevant value for the
assessment of the biological effect. In this study,
we assumed a uniform activity distribution. Al-
though this is not likely to be the case, it might
be a reasonable approximation for rapidly inter-
nalizing antibodies that are used, or have poten-
tial use, in the treatment of lymphoma (e.g.,
epratuzumab and the anti-CD74 antibody). Based
on a previous study of single-cell activity uptake,’
we performed Monte Carlo simulations for low
numbers of atoms per cell and different electron
energies to assess the mean absorbed dose and the
distribution of deposited energy in the cell.

MATERIALS AND METHODS

Monte Carlo simulations were carried out in a
sphere with a radius of 7.7 wm, which is the size
of the cell in a commonly used B-lymphoma cell
line (Raji cells).® The sphere was subdivided into
7700 shells of 1 nm in thickness. The point of
origin of each simulated electron was uniformly
randomized inside the sphere to mimic a uniform
activity distribution. In order to model different
numbers of atoms incorporated into a cell, simu-
lations were carried out with different numbers
of electrons (10, 100, 300, and 1000) with their
point of origin inside the cell. These numbers of
incorporated atoms were based on measurements
of the cellular uptake in a lymphoma patient pub-
lished earlier.” The Monte Carlo simulations were
performed for 4 electron energies, well dispersed
throughout the energy interval used in RIT. The
monoenergetic electron energies chosen were 18
keV (the mean electron energy per decay for
1231), 28 keV (the mean electron energy per de-
cay of !23]), 141 keV (the mean beta energy per
decay of ®’Cu), and 935 keV (the mean beta en-
ergy emitted by °°Y). The continuous slowing-
down approximation (CSDA) range for these
monoenergetic electrons is 7.1 um, 15.6 wm, 255
pm, and 4020 pm, respectively, and should be
compared to the cellular radius of 7.7 um as-
sumed in this study. The CSDA ranges were cal-
culated from data in ICRU Report No. 37.°

Stochastic simulations of electron tracks, in or-
der to calculate the spatial distribution of energy
deposition (and absorbed dose) within the target-
cell volume, were accomplished with a hybrid
transport scheme using a previously developed
Monte Carlo code. Detailed documentation of the
code, together with the physical models and data-
bases used, can be found in Emfietzoglou et
al.'0-13 In this paper, only a brief description will
be given.

For electrons with a kinetic energy below 10
keV, a detailed history scheme is employed (i.e.,
event-by-event simulation of all interaction pro-
cesses based on random sampling from proba-
bility distributions (cross-sections) characterizing
the individual elastic and inelastic collisions, the
latter encompassing the various discrete (excita-
tion) and continuum (ionization) transitions). In
this scheme, the generation of each electron (i.e.,
primary and secondaries) is individually followed
down to the ionization threshold of water (~10
eV), and the stochastics of their tracks are fully
accounted for in a self-consistent manner. How-
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ever, because of the large number of collisions
involved, the detailed history scheme is generally
not applicable to higher-energy electrons, as
computer time would become prohibitively long.
Therefore, a condensed-history, random-walk
scheme was implemented at higher energies
where elastic collisions are still individually sim-
ulated, based on the relevant cross-sections, while
energy losses are considered to be continuous and
are given by the product of the stopping power
and the length of the (random) path between suc-
cessive elastic events. Although energy-loss
straggling is neglected in this scheme, the simu-
lation of individual elastic events will, for the
most part, preserve the stochastics of angular de-
flection and, consequently, the spread-out pattern
of the track. Therefore, this scheme is more re-
alistic than simply using a range-energy rela-
tionship and linear tracks.

Based on the above hybrid scheme, we were
able to perform full slowing-down simulation
(down to 10 eV) of electrons of initial energy as
high as 1 MeV. The electrons were assumed to
originate at random positions with random ori-
entations within the target-cell volume. However,
the simulation also followed electrons outside
this volume, as electrons are capable of re-entry
because of large-angle scattering.

Dose-volume histograms (DVH) and the mean
absorbed dose to the whole cell were calculated
for all Monte Carlo simulations (i.e., for 4 elec-
tron energies and 4 number of atoms per cell).
The absorbed fraction was calculated as the ratio
of the mean absorbed energy from the Monte
Carlo simulations to the kinetic energy of the
electrons. The volume in which energy was de-
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Figure 1. Mean absorbed dose (D) to a cell (radius, 7.7
um) per decay for various number of decays in the cell for
4 electron energies.

Table 1. Absorbed Fraction and Mean Absorbed Dose
per Decay in a Cell for Monoenergetic Electrons (the
Radius of the Cell is 7.7 um)

Electron Absorbed MIRD
energy Absorbed dose per decay S value
[keV] fraction [mGy] [mGy/Bq s]
18 0.60 0.898 0.875

28 0.26 0.619 0.598
141 0.01 0.156 —

935 0.001 0.096 —

The MIRD cellular S values, which have been scaled by
mass to a cellular radius of 7.7 um, for monoenergetic elec-
trons are given for comparison. MIRD, Medical Internal
Radiation Dose.
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posited was defined as the sum of the volumes
of the shells in the sphere that had received any
energy. The specific energy, z, was calculated as:

_ Eshell
Mgpell

where &g, is the deposited energy in a 1-nm
shell, as given by the Monte Carlo simulations
and myy,.y; 1s the mass of that 1-nm shell.

RESULTS

Table 1 lists the absorbed fractions and the ab-
sorbed dose per decay for monoenergetic elec-
trons uniformly distributed inside a Raji cell. A
large variation in the absorbed fractions can be
seen, from 0.001 for the mean energy of electrons
emitted from °°Y (935 keV) up to 0.6 for the mean
energy of electrons emitted from 21 (18 keV).
For comparison of the results in this study, the
MIRD cellular S-values (scaled by mass, i.e., by
assuming a constant absorbed fraction) for mono-
energetic electrons are also given in Table 1.

The stochastic fluctuation (owing to the small
number of atoms per cell) in the mean absorbed
dose to a cell per electron emitted is small in these
examples, even for electrons with a high energy
and a low number of simulated electrons, as
shown in Figure 1.

The fraction of cellular volume that is irradi-
ated decreases with the decreasing number of
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atoms in the cell, and decreases with increasing
energy of the emitted electrons. The following 2
examples show the extremes. The fraction of the
volume of the cell in which energy is deposited
for 1000 simulated 18-keV electrons is almost
100% (99.7%), while it is nearly 0% (0.1%) for
10 simulated electrons with a kinetic energy of
935 keV (Fig. 2).

Figure 3A shows the differential DVHs for
electron energies of 18 keV, 28 keV, 141 keV,
and 935 keV. The DVHs of varying numbers of
simulated electrons inside the cell for electrons
with an energy of 18 keV can be seen in Figure
3B. Ideally, the mean absorbed dose in the DVH
should be as high as possible and the differential
DVH should show as narrow a peak as possible.
As can be seen in Figure 3, the DVHs for 1000
electrons with an electron energy of 18 keV show
the best resemblance to the best situation. In Fig-
ure 4, the stochastic fluctuations in the specific
energy in each of the 7700 shells can be seen as
a function of the mass for the ideal situation (1000
simulated 18-keV electrons). The stochastic fluc-
tuation around the expectation value (the ab-
sorbed dose) increases as the mass decreases and
the range of the specific energy is 0—46 mGy,
with the expectation value of 0.898 mGy.

DISCUSSION

The mean absorbed dose per decay increases as
the electron energy decreases (Table 1). This is
a reasonable result, as the energy deposition per

unit distance increases with decreasing electron
energy. A comparison of our results of the mean
absorbed dose per decay to the—by mass—
scaled MIRD cellular S-values for monoenergetic
electrons shows that they are within 4% (Table
1). One reason for the difference is the scaling by
mass of the MIRD S-values (i.e., the assumption
that the absorbed fraction is constant).

Our results are based on simulations of mono-
energetic electrons and they could serve as a first
approximation of radionuclides (18 keV-1231, 28
keV-1231, 141 keV-%"Cu, and 935 keV-?2Y). The
ratio of our results of the absorbed dose per de-
cay in Table 1 and the—by mass—scaled MIRD
S-values for these radionuclides varies from 0.45
to 1.26. The difference is, however, significant
and shows the error introduced by approximating
the whole electron spectrum emitted by the ra-
dionuclides to a monoenergetic electron.

The mean absorbed dose on a cellular level for
the examples in Figure 2 does not seem to be very
sensitive to statistical fluctuations in the de-
posited energy (caused by having very few atoms
per cell) and, therefore, the MIRD cellular S-val-
ues used to calculate the mean absorbed dose to
a cell should be applicable irrespective of the
electron energy or the cellular uptake of the ra-
diopharmaceutical.

The absorbed dose nonuniformity increases,
however, with increasing electron energy and de-
creasing number of decays inside the volume. The
specific energy is, as seen in Figure 4, caused by
large fluctuations, which are, in turn, caused by
both stochastic and spatial effects. This is an in-
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Figure 2. Fraction of the cell volume in which energy is deposited for 4 electron energies for various numbers of simulated

electrons emitted inside the cell.
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Figure 4. Specific energy in the 1-nm thick shells in the modeled cell as a function of mass for 1000 simulated 18-keV elec-
trons. The stochastic variation around the expectation value, 0.898 mQGy, increases as the mass decreases.
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dication that the qualitative diagram showing spe-
cific energy as a function of mass proposed by
Rossi'4 is more relevant for volumes smaller than
a cell (i.e. on the subcellular level). These large
fluctuations will probably have a significant ef-
fect on the correlation between the mean absorbed
dose to a cell and the radiobiological effect.

The cross-absorbed dose was not considered in
this study. However, the total absorbed dose to a
cell is the sum of the self-absorbed dose (ab-
sorbed dose from activity in the target region) and
the cross-absorbed dose (absorbed dose from ac-
tivity in a source region different from the target
region). The contribution from the cross-ab-
sorbed dose for a tumor cell in the setting of min-
imal residual disease may be low in, for exam-
ple, B-CLL, so for single cells it should be
reasonably correct to assume that the total ab-
sorbed dose equals the self-absorbed dose. For a
large tumor, however, the cross-absorbed dose
between cells must also be included. The error
arising from neglecting the cross-absorbed dose
will increase with increasing electron energy.

In this study, it was assumed that the activity
distribution in the cell is uniform. This assump-
tion may represent the situation for RIT with in-
ternalizing radiolabeled antibodies reasonably
well.

The Monte Carlo simulation that best resem-
bles the clinical situation during RIT today is the
case with 300 simulated 935-keV electrons. Re-
calculations from our previous single-cell study
assuming the antigen expression of Raji cells’
showed that a maximum of 480 atoms of *°Y
were present per tumor cell circulating in the
blood. For the single-cell case, Humm,'> how-
ever, showed that 361,000 disintegrations of *°Y
on the cellular surface were required for 99% tu-
mor-cell sterilization. According to experimental
results,” 361,000 disintegrations per cell seems to
be an unrealistically high number in RIT. For 300
emitted electrons, only 5% of the volume of the
cell is irradiated (Fig. 2).

CONCLUSIONS

Twenty-four Gy, delivered by external beam ra-
diotherapy, is an absorbed dose that is used to
cure some indolent B-cell lymphomas. To deliver
the same absorbed dose to single tumor cells us-
ing antibodies labeled with '>I would require
27,000 decays per cell (as calculated from data
in Table 1). This may be feasible in the clinical

situation as, LL.1, for example, is a MAb that has
been reported to be able to internalize 107 anti-
bodies per 24 hours.!'¢

ACKNOWLEDGMENTS

Dimitris Emfietzoglou acknowledges financial
support from grant 62/1293, registered with the
University of loannina Committee of Research,
Ioannina, Greece. This study was also supported
by grants from the Swedish Cancer Society, the
Mrs. Berta Kamprad Foundation, the Gunnar,
Arvid, and Elisabeth Nilsson Foundation, and the
Lund University Hospital Donation Funds, Lund,
Sweden.

REFERENCES

1. Johnson A, Cavallin-Stihl E, Akerman M. Flow cyto-
metric light chain analysis of peripheral blood lympho-
cytes in patients with non-Hodgkin’s lymphoma. Br J
Cancer 1985;52:159.

2. Witzig TE, White CA, Gordon LI, et al. Final results of
a randomized controlled study of the Zevalin radioim-
munotherapy regimen versus a standard course of rit-
uximab immunotherapy of B-cell NHL. [abstr.] ASH
2000;831A.

3. Grillo-Lépez AJ, Cheson BD, Horning SJ, et al. Re-
sponse criteria for NHL: Importance of “normal” lymph
node size and correlations with response rates. Ann On-
col 2000;11:399.

4. Goddu SM, Howell RW, Bouchet LG, et al. MIRD cel-
lular S values: Self-absorbed dose per unit cumulated
activity for selected radionuclides and monoenergetic
electron and alpha particle emitters incorporated into
different cell compartments. Reston, VA: Society of
Nuclear Medicine, 1997.

5. Howell RW. The MIRD schema: From organ to cellu-
lar dimensions. J Nucl Med 1994;35:531.

6. Kassis Al. Editorial: The MIRD approach: Remember-
ing the limitations. J Nucl Med 1992;33:781.

7. Lindén O, Hindorf C, Tennvall J, et al. Single tumor
cell uptake and dosimetry in a patient with low grade
B-cell lymphoma investigated with **Tcm Fab’ anti-
CD22. Cancer (suppl) 2002;94:1270.

8. Griffiths GL, Govindan SV, Sgouros G, et al. Cytotox-
icity with auger electron-emitting radionuclides deliv-
ered by antibodies. Int J Cancer 1999;81:985.

9. ICRU. Report 37: Stopping powers for electrons and
positrons. Bethesda, MD: International Commission on
Radiation Units and Measurements, 1984.

10. Emfietzoglou D, Papamichael G, Moscovitch M. Event-
by-event computer simulation of interactions of ener-
getic charged-particles and all their secondary electrons
in water. J Phys D Appl Phys 2000;33:932.

229



11.

12.

13.

230

Emfietzoglou D, Papamichael G, Kostarelos K, et al. A
Monte-Carlo track structure code for electrons (10
eV-10 keV) and protons (0.3-10 MeV) in water: Par-
titioning of energy and collision events. Phys Med Biol
2000;45:3171.

Emfietzoglou D, Karava K, Papamichael G, et al.
Monte-Carlo simulation of the energy loss of low-en-
ergy electrons in liquid water. Phys Med Biol
2003;48:2355.

Emfietzoglou D, Akkerman A, Barak J. New Monte-
Carlo calculations of charged particles track-structure
in silicon. JEEE Trans Nucl Sci 2004:51:2872.

14.

16.

Rossi HH. Microscopic energy distribution in irradiated
matter. In: Attix, Roesch, Tochilin. Radiation Dosime-
try Vol. I. New York: Academic Press, 1968:43.

. Humm JL. A microdosimetric model of astatine-211-

labeled antibodies for radioimmunotherapy. Int J Ra-
digr Oncol Biol Phvs 1987:13:1767.

Ochakovskaya R, Osorio L, Goldenberg DM, et al.
Therapy of disseminated B-cell lymphoma xenografts
in severe combined immunodeficient mice with an
anti-CD74 antibody conjugated with '!'!'Indium,
67Gallium, or *°Yttrium. Clin Cancer Res 2001;7:
1505.



