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Radioimmunotherapy uses monoclonal antibodies that are still labeled with only one radioactive
atom. The aim of this paper is to assess, by means of MCNPX simulations, the doses delivered
around and throughout a solid tumor when the radioactive atom linked to each antibody is replaced
by a 5 nm diameter nanoparticle composed of numerous radionuclides. A new model for a spherical
vascularized tumor has been developed in which the antibody distributions inside the tumor can be
uniform or heterogeneous. It is also possible to simulate a central necrotic core inside the tumor
where the concentration of radiolabeled antibodies is assumed to be zero. Dosimetry calculations
have been performed for the beta-emitting radionuclide 90Y2O3. Preliminary results show that the
irregularity of vasculature and the presence of a necrotic core have a noticeable influence on the
deposited dose profiles. Moreover, with a total activity of 5 and 34 MBq for tumor radii of 0.5 and
1.0 cm, respectively, viable tumor cells can receive doses of up to 50 Gy, even if high nonunifor-
mity of the total activity is observed in the tumor. These simulations still require accurate informa-
tion about antibody characteristics and necrosis sizes but clearly confirm that the use of monoclonal
antibodies conjugated to nanoparticles could lead to a considerable enhancement of treatment
efficacy against cancer. © 2007 American Association of Physicists in Medicine.
�DOI: 10.1118/1.2791038�
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I. INTRODUCTION

In radioimmunotherapy �RIT�, radionuclides coupled to
monoclonal antibodies �mAb’s� are increasingly used to de-
liver ionizing radiation to kill tumor cells while sparing nor-
mal tissue.1–3 The radiolabeled antibodies are directed
against various antigens overexpressed on tumor cells or
blood vessels formed during angiogenesis.4–6 Each time,
only one radioactive atom is linked to the antibody and the
delivered tumor doses in RIT are influenced mainly by the
antibody properties, the choice of radionuclide, and the bio-
logical halflife of the complex.1,7 This approach for treating
cancer shows good results for hematopoietic malignancies

such as non-Hodgkin’s lymphoma, which require only low
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doses of radiation ��15 Gy�.8–12 Unfortunately, clinical
studies have shown that solid tumors are less sensitive to
ionizing radiation and doses higher than 60 Gy are necessary
to observe therapeutic effects.7 New strategies to increase
antibody accumulation and penetration into the tumor are
currently being investigated but the delivered doses remain
insufficient to observe an important treatment response.13–16

Today, it is possible to assemble several nonradioactive
metal atoms to form clusters of nanometer dimensions.17–20

Hence, we have conceptually designed a nanoparticle com-
posed only of radioactive elements to enhance diagnostic
sensitivity in medical imaging or to improve therapeutic ef-

fectiveness in RIT.
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http://dx.doi.org/10.1118/1.2791038
http://dx.doi.org/10.1118/1.2791038
http://dx.doi.org/10.1118/1.2791038


4505 Bouchat et al.: Monte Carlo dosimetry for radioactive nanoparticles 4505
A major obstacle in the use of nanoparticulate systems for
drug delivery is the process of opsonization responsible for a
rapid clearance of these clusters from circulation by the
reticuloendothelial system �RES�, comprising mainly the
Kupffer Cells in the liver as well as spleen and bone marrow
macrophages.21–24 Nevertheless, progress in nanomedicine
has shown that the behavior and stability of a nanoparticle
within the biological microenvironment can be controlled by
its size and surface characteristics. For example, large mac-
romolecules ��100 nm� move slowly in tissue, and this has
the effect of enhancing their clearance by the host defense
RES.25 By creating spherical radioactive nanoparticles
whose diameter does not exceed 5 nm, the radiolabeled com-
plex is small enough to reduce its uptake by the RES hence
promoting its diffusion through the target tissue. The surface
of these nanoparticles can also be covered by nonionic sur-
factants or polymeric macromolecules to form a protective
layer against the absorption of opsonin proteins required for
macrophage recognition. For example, coating nanoparticles
with polyethylene glycol �PEG� or PEG-containing copoly-
mers increases their blood halflife after intravenous
administration.22,24–27 These long hydrophilic polymer chains
located on the surface of the particles have the advantage of
reducing interparticulate attractive van der Waals forces and
preventing the aggregation of several nanoclusters. Finally,
the polymeric coating of the nanoparticle can be functional-
ized with targeting molecules such as the antibodies, thera-
peutic drugs, or image contrast agents to create a multifunc-
tional nanoparticle.21,28,29

Nanoparticles have already been investigated in medicine
and have demonstrated promising application for tumor
targeting.29,30 For example, quantum dots �QDs�, nanosized
fluorescent semiconductor particles, are rapidly becoming an
interesting tool for detecting tumors31 and therapeutic treat-
ments could be considered by simply adding drugs around
these QDs.32–34 Magnetic28,35,36 or metal37–39 nanoparticles
coupled to antibodies are also in development for quality
improvement of magnetic and optical imaging. Functional-
ized with additive ligands, these nanoparticles could offer
new opportunities for treating cancer. The advantages of us-
ing radioactive nanoparticles in RIT are threefold. First, even
if half of the atoms encapsulated in the nanoparticle are no
longer radioactive when the antibodies reach the tumor, the
activity delivered by a nanoparticle is higher than the activity
given by a single radioactive atom. Hence, antibodies conju-
gated to nanoparticles should deliver higher radiation dose to
the tumors. Potential cluster radiolysis should however, be
studied. Second, different types of radionuclides can be com-
bined ��, �, �, or x-ray emitters� or mixed with nonradioac-
tive atoms used in medicine such as magnetic elements.
Third, nanoparticles have more surface area to accommodate
a large number of different types of functional groups so that
more than one antibody can be conjugated.

As the energy deposition of such radioactive nanoparticles
is unknown, dosimetry simulations are required to calculate
the absorbed doses inside and around the tumor and to es-

tablish the best therapeutic treatment for the patient. An ap-
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proach using Monte Carlo N-Particles eXtended Software
�MCNPX� to determine the radiation dose absorbed by tu-
mor cells and healthy tissue has already been proposed by
Nuttens and co-workers.40 These simulations showed that it
was possible to significantly increase the radiation doses
when the single radioactive atom coupled to each antibody in
classical radioimmunotherapy is replaced by a beta emitting
nanoparticle. But the tumor model used for those simulations
is valid only for avascular cell clusters, which rarely exceed
0.2 mm diameter.41–43

In this paper, we study the doses deposited inside and
around a spherical solid tumor when the single radionuclide
labeled to antibodies is replaced by a radioactive nanopar-
ticle of 5 nm diam. For that purpose, new three-dimensional
vascular models representing the tumor have been devel-
oped. For each model, shapes of deposited dose distributions
were calculated for the stable oxide molecules 90Y2O3,
which are already experimentally produced and well adapted
to cure large tumors with nonhomogeneous vasculature. In-
deed, the radionuclide yttrium-90 has the advantage of being
a pure � emitter with a high energy radiation �Emax

�2.3 MeV� responsible for a long penetration range in tis-
sue �Rmax�11 mm�.44–46

II. TUMOR MODELS

The MCNPX software is capable of simulating the trans-
port of photons and electrons in matter over a broad energy
range. The input file of this code is composed of three types
of data, those corresponding to the geometry of the problem
�composition, form, and density of the tumor and surround-
ing healthy tissues�, the radioactive sources �nature, emission
spectra, and positions inside and near the tumor�, and the
nature of the desired result �i.e., the deposited energy�. Beta
spectral data for yttrium-90 were taken from tables on the
RADAR site �www.doseinfo-radar.com/
RADARDecay.html�. The composition and density of malig-
nant and healthy tissues were taken from ICRU Report 44,47

and three tumor models were considered.

II.A. Avascular model

In our previous work,40 the solid tumor was represented
by a simple sphere of breast tissue surrounded by biological
vectors �bVs�, and each of them was labeled with one radio-
active nanoparticle. We have assumed that the maximum dis-
tance between the tumor binding site of the biological vector
and the radioactive nanoparticle binding site was around
15 nm.48–50 Radiolabeled bVs surrounding the tumor were
then modeled by a spherical surface that emits radiations.
The radius of this surface was chosen 15 nm larger than the
tumor radius to comply with the size of antibodies. The same
material density was used for diseased and healthy tissues.
The dose delivered to the tumor and normal tissues has been
evaluated using the pulse-height tally *F8 �MeV/g/nps� of-
fered by MCNPX and converted into Gy.

This model is well adapted as long as the tumor measures
hundreds of micrometers in diameter and is not vascularized.

However, most larger solid tumors are described by a set of
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cell clusters �also called parenchyma� surrounded by vascu-
larized stroma.51 In this case, the antibodies can penetrate the
tumor, and a radionuclide distribution inside the tumor
should be considered.

II.B. Vascular model

For this new model, we hypothesized that the solid tumor
is a sphere, and we investigated what happens if the activity
is distributed throughout the volume. The idea is to subdivide
the tumor sphere into small cubes of 500 �m side length.
This size can be decreased or increased according to whether
the tumor is poorly or well vascularized. Each site of the
cubic lattice is then filled by a spherical cell cluster of
250 �m radius �Fig. 1�. The remaining matter inside each
cubic lattice represents tumor stroma containing vessels,
which could be either a new blood network created through
angiogenesis or simply the pre-existing vasculature. The an-
tibodies can penetrate inside the tumor through this vascular-
ization and surround the various cell units. If all cell clusters
inside the cubic lattice have the same probability to be
reached by an antibody, the distribution of activity is uni-
form. This set of neoplastic clusters modeling the tumor is at
the center of a much larger sphere representing healthy tis-
sue. The matter composition for both healthy and cancerous
tissues is identical.

While very simple, this uniformly vascularized model
cannot represent large tumors. Indeed, experimental and the-

FIG. 1. Uniformly vascularized model: �d� Three-dimensional arrangement
of cell units for a tumor radius of 0.5 cm. The sphere contains a total of
3591 cell clusters. �c� Section through the center of the tumor modeled with
cell clusters inside a cubic lattice of 500 �m width. �a� Representation of 4
cell units surrounded by antibodies of 15 nm height labeled with a radioac-
tive nanoparticle of 5 nm diameter. The remaining matter inside each cube
of the lattice is the stroma. �b� Y-shaped monoclonal antibodies labeled with
a radioactive nanoparticle.
oretical studies have also shown that, during angiogenesis,

Medical Physics, Vol. 34, No. 11, November 2007
the outer region close to the tumor perimeter is well vascu-
larized by thin capillaries while the center is poorly vascu-
larized by dilated vessels.52–56 Between these two volumes,
the density of blood vessels decreases and their thickness
increases. According to the results obtained by Lee et al.
microvascular density �MVD� at the surface of human ma-
lignant melanoma is two times more important than the den-
sity observed in healthy tissues �MVD0� and is continuously
decreasing below 50% of MVD0 at the tumor center.55 These
heterogeneities in blood flow may cause a nonuniform dis-
tribution of radioactivity in tumors.57

In order to take this heterogeneity into account, a vascu-
larized model in which a nonuniform distribution of activity
inside the tumor has also been developed by subdividing the
sphere into concentric shells differing in probabilities to be
reached by an antibody. These probabilities have a maximum
of 2.0 for cell units localized near the tumor radius and de-
crease linearly or exponentially toward the center of the tu-
mor volume �Fig. 2� down to a value of 0.2. The drop in
probability between 2.0 and 0.2 reproduces the same de-
crease in MVD observed by Lee and co-workers.55

II.C. Necrotic vascular model

When the tumor grows, the organization of the tumor vas-
culature differs completely from normal tissue. The blood
vessels are tortuous and change constantly.51 Consequently,
the center of large tumors is often characterized by a strong
decrease of blood vessels causing cellular death and the gen-
eration of necrotic areas. This absence of vasculature also
represents an important obstacle for the transport of antibod-
ies and drugs. Hence, a more precise estimate of the depos-
ited dose distribution within the tumor volume can be ob-
tained by introducing a central necrotic core that may occupy
a significant fraction of the total volume for many tumors.

In this case, the tumor will be described by an inner zone
of necrotic cells �or dead cells due to lack of nutrients� and
an outer zone of living cells. As in the vascularized models,
viable cell clusters and necrotic matter clusters are placed in
a three-dimensional regular cubic lattice formed inside the
tumor sphere. Figure 3 presents a model of a necrosed tumor

FIG. 2. Schematic arrangement of the nonuniformly vascularized model:
Section through the center of a tumor of 0.5 cm radius for �a� linear or �b�
exponential radioactive distribution. The size of the cell units depends on the
probability to be reached by an antibody.
of 0.5 cm radius. The side length of the cubic lattice is
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500 �m. The two kinds of clusters are differentiated thanks
to a necrotic radius below which all the dead matter is com-
bined. The radius of the necrotic core can vary widely with
time and tumor type. For this example, we have chosen a
radius of about 0.32 cm, meaning that 25% of the total num-
ber of cell clusters is nonviable. The same density has been
used for the necrotic and living cell clusters, but the access of
drugs in the central necrotic core of the tumor is limited. So,
the probability to observe a monoclonal antibody around a
dead unit is assumed to be zero. Uniform, linear, and expo-
nential decreases take place only in the non-necrotic part of
the tumor with a maximum probability of 2.0 in the vicinity
of the tumor perimeter and a minimum value of 0.2 around
the dead cell units. This model is just an example. The size
of the cubic lattice, the radius of the necrotic core, and the

FIG. 3. �a� A cut-away view of a three-dimensional arrangement of cell
clusters for a 0.5 cm tumor radius and a 0.32 cm necrotic radius. The maxi-
mum number of living cell clusters inside the sphere reaches 2028; �b�, �c�,
and �d� are sections through the center of the tumor modeling for a uniform,
linear, and exponential distribution, respectively. The dark region in the
center of the tumor corresponds to the area of necrotic cells. The light gray
filled circles denote the presence of the viable cell clusters. The size of each
cell unit depends on the probability to be reached by an antibody.

TABLE I. Tumor �RT� and necrotic �RN� radii with th
nonviable cell clusters �# NC�. The first column gives
number of clusters.

%

RT=0.5 cm

RN # VC # N

0 — 3591 —
10 0.24 3262 3
25 0.32 2702 8
50 0.41 1766 18
75 0.46 836 27
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probabilities for each cell clusters to be reached by an anti-
body can vary according to the type of tumor or the charac-
teristics of biological vector. Table I gives the number of
viable and nonviable cell clusters for two tumor radii �RT

=0.5 and 1.0 cm� and for different necrotic radii �RN�.

II.D. Dose calculation

The use of the tally *F8 �MeV/g/nps� proposed by Nuttens
and co-workers40 to determine the distributions of dose ac-
cording to the distance from the tumor center is no longer
valid for these new vascularized models. Indeed, the tally
*F8 calculates the energy deposition in a cell, which is de-
fined by a single density and a simple geometry. The solid
tumor, as well as surrounding healthy tissue, in the first
model could be subdivided into concentric spherical shells,
and each ring represented a cell with a single density. But if
the tumor is composed of numerous cell clusters, these same
concentric shells will inevitably cross different geometries
and densities. Hence, the second and third models require a
new method capable of calculating the dose deposited into
concentric spherical shells independently of the geometrical
problem. The solution was found using the spherical mesh
tally �SMESH, type I�58 that defines virtual spherical grids
superimposed on the geometry of the tumor. The deposited
dose �MeV/g/nps� evaluated for each mesh of the grid is then
converted into Gy.

To determine the total activity A inside the tumor for these
new vascularized models, we use the following expression:

A = �phys � nu � na � nmAb,

where �phys corresponds to the radioactive decay constant of
the radionuclide. nu and na represent the number of viable
tumor cell units �Table I� and the number of radioactive at-
oms per nanoparticle, respectively. The amount of mono-
clonal antibody, which surrounds each small cell cluster, de-
noted nmAb, is obtained by multiplying the surface of a tumor
cell unit with the covering fraction. The latter is defined as
the number of bound mAb’s per unit of surface and hence
represents the binding characteristics of the antibody chosen
for RIT.

In order to test the deposited dose calculations using the
SMESH tally, we have applied this method to the first avas-
cular model for solid tumors of 0.5 and 1.0 cm radius and
compared our dose distribution versus radial distance d from

ssociated number of viable cell clusters �# VC� and
percentage of necrosed units compared with the total

RT=1.0 cm

RN # VC # NC

— 31071 —
0.47 28076 2995
0.64 23342 7729
0.80 15370 15701
0.92 7358 23713
eir a
the

C

29
89
25
55
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the tumor surface with the previous results obtained by Nut-
tens and co-workers �Fig. 4�. The minimal thickness between
two distances d is 1 mm in order to satisfy the requirement
of MCNPX for electron dosimetry.59,60 The shape of the dose
distributions is very similar, which demonstrates the validity
of the spherical SMESH tally for calculating the deposited
energy inside the tumor.

III. RESULTS AND DISCUSSION

The various geometrical models presented in the previous
section have been introduced in the MCNPX 2.5.0 code to
analyze the deposited dose inside and around cancer cells as
a function of distance from the center for two tumor radii
�0.5 and 1.0 cm�. In these simulations, the tumors are irradi-
ated by 5 nm diameter nanoparticles of 90Y2O3. Such nano-
clusters can contain about 1.73�103 atoms of yttrium-90
but, due to the short physical halflife of this radioelement
�Tphys=2.67 days�, we consider that only 60% are still radio-
active when the antibody reaches the tumor. Indeed, biodis-
tribution data and imaging studies have shown that two days
are needed to obtain the maximum accumulation of the ra-
diolabeled antibodies within the tumor after intravenous
administration.61–64 This percentage of radioactive atoms
could increase by applying the bispecific monoclonal anti-
body �bsMAb� pretargeting approach. In this case, the radio-
isotopes are injected one to two days after the bsMAb have
penetrated the tumor.2,65 Hence, the delay time between the
antibodies injection and the binding with antigen have an
influence on our simulations. The clearance of the radiola-
beled antibodies is also taken into account by incorporating a
biological halflife of three days in our calculations.66

Three geometric factors can influence the results of these
dose distributions. First, we assume that all tumors have a
spherical geometry, but the radius sizes and the inner lattice
dimensions can be adjusted to work with larger tumors or
smaller cell clusters to improve the precision of the method.
The restriction of analyses to a cubic lattice of 500 �m
length is simply a question of simulation time and computa-
tional convenience. Second, the radioactivity distribution

throughout the tumor volume can be uniform, linear, or ex-
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ponential. These distributions are obtained by tuning the
probability for an antibody to reach a cell cluster localized in
a specific depth inside the sphere. It allows us to take into
consideration the tumor vasculature. The third geometrical
factor is the volume of the necrotic core. In this zone, the
probability of finding a radioactive nanocluster around a cell
unit is simply null and only radiation coming from non-
necrotic cell clusters can act on the tumor.

The covering fraction, defined as the number of bound
mAb’s per unit of tumor surface, is adjusted to insure a mini-
mal dose of 50 Gy everywhere inside the solid tumor.67 For
the avascular model, this minimum is reached at the center of
a 0.5 cm radius sphere if the covering fraction corresponds to
7.42�108 mAb/cm2. With such a value, the total activity
delivered to the tumor is equivalent to 7 MBq. For a larger
tumor, the penetration depth of beta particles emitted from
90Y is not sufficient to provide enough activity within the
central part. Using the same value of covering fraction for
the 1.0 cm radius tumor, the total activity increases to
29 MBq. For the vascularized models, with or without ne-
crosis, the weaker values of deposited dose are rather ob-
served at the surface of the sphere. The covering fractions
obtained for both solid tumors of 0.5 and 1.0 cm radius are
5.94�107 and 4.46�107 mAb/cm2, respectively. These val-
ues can be used in our simulations because they remain in-
ferior to the typical values of covering fractions, which range
from 108 to 1010 mAb/cm2.45 The total activity A inside the
tumor for these two new values of covering fraction is
5 MBq �RT=0.5 cm� and 34 MBq �RT=1.0 cm�. Table II
presents the maximum doses delivered inside the tumor and
doses deposited at the center, at the surface, and 1 mm away
in healthy tissue for vascular and the different avascular
models.

The first MCNPX simulations for the three different anti-
body distributions of radionuclide have been performed
without a necrotic core and compared with the results of the
previous avascular model. Figures 5�a� and 5�b� illustrate,
respectively, dose distributions in tumors of radii 0.5 and
1.0 cm for 90Y2O3 distributed uniformly, linearly, exponen-

FIG. 4. Deposited dose as a function of distance d from
the tumor surface for both methods *F8 �dashed line�
and spherical MESH tallies �solid line�. The compari-
son is applied to solid tumors of 1.0 cm and 0.5 cm
radius surrounded by 90Y2O3 nanoparticles �5 nm diam-
eter�. The values for biological half time �three days�
and the covering fraction �8.92�108 mAb/cm2� are
identical to those chosen by Nuttens et al. �Ref. 40�.
tially, or coming only from the surface.
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III.A. Doses in the tumor center and in healthy
tissues

The goal in radioimmunotherapy is to deposit high
enough doses to the tumor while minimizing the radiation of
healthy tissue. The results presented in Fig. 5 indicate that
the radioactivity distribution has a considerable impact on
the doses delivered at the center if the tumor had no necrosis.
Indeed, the central doses for a tumor of 0.5 cm radius range
from 270 Gy for the uniform activity to 110 Gy when the
decrease of radionuclides is exponential, which represents a
difference of about 160 Gy between both values. A similar
decrease is observed for the tumors of 1.0 cm radius where
the central doses for the uniform, linear, and exponential
radionuclide distributions are, respectively, 230, 100, and
75 Gy. Either for small or large tumors, the values of the
deposited doses in the central region are very different ac-
cording to the type of activity distribution. All these dose
values are, however, larger than 50 Gy, which is the value
obtained for an avascular tumor of 0.5 cm radius.

Inversely, radionuclide distributions seem to have only a
low influence on the doses deposited on the tumor surface or
in the surrounding normal tissue. Moreover, doses delivered
by the radioactive nanoparticles remain very weak in healthy
tissue compared to those absorbed by the malignancy. Simu-
lations show that doses lower than 30 Gy are obtained 1 mm
beyond the tumoral surface for the vascular model. These
values of deposited doses around the surface increase drasti-
cally if we want to obtain a minimum of 50 Gy at the center
of an avascular tumor for which there is no penetration of the
radiolabeled antibodies. Hence, these last results show that,
even if the vasculature inside the tumor is totally heteroge-
neous, the survival of healthy cells is ensured by the penetra-

TABLE II. Maximal doses absorbed by the tumor �Max� and doses at the cente
simulations for 90Y2O3 distributed uniformly, linearly, exponentially or aro
doses if the tumor has no necrotic matter. The three other columns present

Tumor of 0.5 cm radius

No
Necrosed

10%
Necrosed

25%
Necrosed

Surface Cent 53
Max 192
Surf 150
Out 54

Uniform Cent 270 140 101
Max 270 144 208
Surf 52 55 59
Out 23 24 26

Linear Cent 175 101 80
Max 204 161 173
Surf 56 61 64
Out 25 27 28

Exponential Cent 110 92 74
Max 169 166 176
Surf 64 64 67
Out 28 28 29
bility of the radiolabeled antibodies.
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III.B. Maximal doses

The two graphs of Fig. 5 show that the maximal doses are
deposited inside the tumor independently of the radioactivity
distribution. When the distribution is uniform, the highest
deposited dose is reached at the center for small tumors �Fig.
5�a�� or presents a central plateau for larger tumors �Fig.
5�b�� before decreasing in the vicinity of normal tissue. For
linear or exponential distributions, the maximal doses are
delivered close to the surface but with a deeper radial posi-
tion within the tumor when the distribution of the radiola-
beled antibodies decreases linearly.

The maximum deposited dose decreases from uniform to
linear and to an exponential activity distribution within a
small tumor �Fig. 5�a��. In a larger tumor �Fig. 5�b��, smaller
differences are observed. However, simulations show that
different parts of this larger tumor can be differently targeted
according to the type of activity distribution. When the dis-
tribution of radionuclide decreases exponentially, it is in par-
ticular the diseased cells near the surface that receive the
highest radiation doses. But, when a homogeneous vascula-
ture is modeled, the tumor cells at the center are strongly
irradiated compared to those located near the surface. If the
aim is to kill the cancer cells within the center of the tumor,
50 Gy is more easily obtained in the case of a uniform ac-
tivity distribution. On the other hand, to target the cells at the
tumor periphery, larger deposited doses are obtained in the
case of an exponential distribution.

III.C. Necrotic core

The influence of a necrotic core on the deposited doses
can be analyzed by introducing different necrotic volumes in

nt�, at the surface �Surf� or at 1 mm beyond the surface �Out� resulting from
he surface of the tumor sphere. For each radius, the first column gives the
s when 10, 25, or 50% of the cell units are necrosed.

Tumor of 1.0 cm radius

50%
ecrosed

No
Necrosed

10%
Necrosed

25%
Necrosed

50%
Necrosed

0
174
164
61

72 229 45 14 4
180 229 132 231 251
66 52 57 67 85
29 24 26 31 40
68 103 21 6 2

183 204 168 226 227
69 60 73 80 95
30 28 34 37 44
65 754 15 4 1

183 207 186 207 243
70 90 80 97 105
30 41 37 45 48
r �Ce
und t
result

N

the vascular model. Figures 6–11 illustrate the deposited
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dose profiles for tumors of 0.5 and 1.0 cm radii when 10%
�Figs. 6 and 9�, 25% �Figs. 7 and 10�, and 50% �Figs. 8 and
11� of cell units are not alive. For each necrotic core size,
uniform, linear, and exponential distributions of radionuclide
have been applied only on the viable cell clusters. The de-
posited dose profiles are calculated with the same total activ-
ity as the non-necrotic vascular model, i.e., 5 MBq �RT

=0.5 cm� and 34 MBq �RT=0.5 cm�.
By comparing Fig. 6 with Figs. 7 and 8 or Fig. 9 with

Figs. 10 and 11, we see that the deposited dose curves for the
three radionuclide distributions �uniform, linear, and expo-
nential� are increasingly superimposed when the necrotic
volume increases. However, the shapes of these curves re-
main very different from those obtained with the avascular

FIG. 5. Comparison of deposited dose profiles for 90Y2O3, in Gy, as a func-
tion of the distance from center for both tumor radii of �a� 0.5 and �b�
1.0 cm. The width of the cubic lattice is 500 �m.
model for which smaller doses are deposited inside the tu-
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mor. Conversely, the surrounding healthy tissue receives
more irradiation coming from the radiolabeled antibodies lo-
cated at the surface in this avascular model. Moreover, the
deposited doses are lower in healthy tissue when the radius
of the necrotic core decreases.

When the percentage of necrosed units increases, central
deposited doses decrease due to the limited range of elec-
trons in the matter. For tumors of 1.0 cm radius, these values

FIG. 6. Deposited dose distributions for 90Y2O3, in Gy, as a function of
radial distance from the center for a vascularized tumor of 0.5 cm radius.
The radial dependence of deposited doses is simulated for uniform, linear,
and exponential distributions of antibody in the tumor. The radius of the
necrosed core �RN� is 0.24 cm, meaning that 10% of the total number of cell
clusters is nonviable.

FIG. 7. Deposited dose distributions for 90Y2O3, in Gy, as a function of
radial distance from the center for a vascularized tumor of 0.5 cm radius.
The radial dependence of deposited doses is simulated for uniform, linear,
and exponential distributions of antibody in the tumor. The radius of the
necrosed core �RN� is 0.32 cm, meaning that 25% of the total number of cell

clusters is nonviable.
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are even lower than 50 Gy. However, all the cells located in
the necrotic part of the tumor are already dead and do not
require irradiation. In this case, minimum values of 50 Gy
must be obtained only around the necrotic core in order to
have good therapeutic effects. If we look at results from Fig.
9, the deposited doses calculated near the necrotic tissue are
216, 202, and 108 Gy for the three different activity distri-
butions. These numbers increase similarly when the percent-

FIG. 8. Deposited dose distributions for 90Y2O3, in Gy, as a function of
radial distance from the center for a vascularized tumor of 0.5 cm radius.
The radial dependence of deposited doses is simulated for uniform, linear,
and exponential distributions of antibody in the tumor. The radius of the
necrosed core �RN� is 0.41 cm, meaning that half of the total number of cell
clusters is nonviable.

FIG. 9. Deposited dose distributions for 90Y2O3, in Gy, as a function of
radial distance from the center for a vascularized tumor of 1.0 cm radius.
The radial dependence of deposited doses is simulated for uniform, linear,
and exponential distributions of antibody in the tumor. The radius of the
necrosed core �RN� is 0.47 cm, meaning that 10% of the total number of cell

clusters is nonviable.
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age of necrotic tissue is more important. All doses are clearly
sufficient to kill the cells around the necrotic core. Conse-
quently, the presence of nonviable cell clusters and heteroge-
neities in the vasculature does not appear to be an obstacle to
delivering doses significant enough to destroy the solid tu-
mor.

FIG. 10. Deposited dose distributions for 90Y2O3, in Gy, as a function of
radial distance from the center for a vascularized tumor of 1.0 cm radius.
The radial dependence of deposited doses is simulated for uniform, linear,
and exponential distributions of antibody in the tumor. The radius of the
necrosed core �RN� is 0.64 cm, meaning that 25% of the total number of cell
clusters is nonviable.

FIG. 11. Deposited dose distributions for 90Y2O3, in Gy, as a function of
radial distance from the center for a vascularized tumor of 1.0 cm radius.
The radial dependence of deposited doses is simulated for uniform, linear,
and exponential distributions of antibody in the tumor. The radius of the
necrosed core �RN� is 0.80 cm, meaning that half of the total number of cell

clusters is nonviable.
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IV. CONCLUSION

MCNPX can be used in radioimmunotherapy to evaluate
the energy deposition in tumor nodules and determine the
most appropriate therapeutic treatment for a patient. How-
ever, this software requires accurate information on the struc-
ture and the microscopic distribution of radioactivity coming
from the radiolabeled antibodies. In this work, the vascular-
ized tumor was modeled by a set of spherical cell clusters of
500 �m diameter arranged in a simple cubic lattice structure.
Three different antibody distributions have been tested in the
simulations: Uniform, linear, and exponential. We have also
introduced the possibility to have a central necrotic core in-
side the tumor where the probability to observe an antibody
is supposed to be null. The shapes of spatial dose distribu-
tions are strongly influenced by the morphology and the size
of the solid tumors, indicating the importance of choosing
the optimal geometries to represent the tumor.

Spatial deposited dose distributions confirm the benefit of
using radiolabeled nanoparticles containing hundreds of ra-
dioactive atoms rather than antibodies coupled to a single
radionuclide to treat solid and poorly vascularized tumors in
RIT. Indeed, even if the antibodies are distributed exponen-
tially, doses higher than 50 Gy are delivered in the entire
tumor. The use of radioactive nanoparticles thus limits the
problems of antibody penetrability often observed in classi-
cal RIT when a single radioactive atom is labeled to each
specific antibody.
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