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calculations at cellular level in radionuclide therapy
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Abstract

An average absorbed dose of the tumour calculated by the
MIRD formalism has not always a good correlation with
the clinical response. The basic assumption of the MIRD
schema is that a uniform spatial dose distribution is
opposite to heterogeneity of intratumoral distribution of the
administered radionuclide which can lead to a spatial non-
uniformity of the absorbed dose. Therefore, in clinical
practice, an absorbed dose of the tumour at the cellular
level has to be calculated. The aim of this study is to define a
referent 3D solid tumour model and using the direct Monte
Carlo radiation transport method to calculate: a) absorbed
fraction, b) spatial 3D absorbed dose distribution, c)
absorbed dose and relative absorbed dose of cells or
clusters of cells, and d) differential and accumulated dose
volume histograms. A referent 3D solid tumour model is
defined as a sphere which is randomly filled with cells and
necrosis with defined radii and volumetric density. Radio-
labelling of the tumour is defined by intracellular to extra-
cellular radionuclide concentration and radio-labelled cell
density. All these parameters are input data for software
which generates a referent 3D solid tumour model. The
modified FOTELP Monte Carlo code was used on this
model for simulation study with beta emitters which were
applied on the tumour. The absorbed fractions of Cu-67, I-
131, Re-188 and Y-90 were calculated for different tumour
sphere masses and radii. Absorbed doses of cells and
spatial distributions of the absorbed doses in the referent
3D solid tumour were calculated for radionuclides I-131
and Y-90. Dose scintigram or voxel presentation of
absorbed dose distributions showed higher homogeneity
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for Y-90 than for I-131. A differential dose volume

histogram, or spectrum, of the relative absorbed dose of
cells, was much closer to the average absorbed dose of the
tumour for Y-90 than I-131. An accumulated dose volume
histogram showed that most tumour cells received a lower
dose than average, or prescribed, tumour absorbed dose.
Those discrepancies between conventional and cellular
approach show that dosimetry on the cellular level is
necessary for a better selection of the radionuclide and
optimal calculation of administered activity in the
radionuclide therapy.
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Introduction

The main goal of dosimetry in the radionuclide therapy is
calculation of the prescribed tumour absorbed dose and
critical organ accuracy (1,2). This is related to radionuclide
selection and optimization of the administered activity and
estimation of the clinical response and potential benefit for
the patient (3-5). The MIRD schema as the most common
method applied in the radionuclide therapy calculates the
average absorbed dose of tumour and critical organs (6).
This conventional approach uses macroscopic
characteristics of tumour and introduces some acceptations
(7). The average tumour absorbed dose mostly does not
correspond to clinical response. The main reason for that is
the basic assumption of the MIRD schema that the spatial
distribution of the administered activity and calculated
absorbed dose were uniform.

Heterogeneity of intratumoral distribution of admini-stered
radionuclides leads to non-uniformity of the absorbed dose
(8-11). It means that in clinical practice calculations of an
absorbed dose of the tumour at the cellular level are
necessary (12-14). Three methods can be used for tumour
dosimetry calculations: a) dose point-kernel convolution,
b) S-values, and, ¢) direct Monte Carlo radiation transport.
Only direct Monte Carlo radiation transport method can be
used for tissue with different composition and density (15).
Self and cross doses have been defined and calculated, but
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this approach has not offered clinicians satisfactory tools
for the radionuclide therapy planning (16).

Tumour absorbed dose calculations require a method which
includes all tumour characteristics. For that reason a wide
spread of all physical, physiological, radiopharma-
cological, histological and other clinical parameters
relevant for the tumour and the patient must be used. The
cellular dosimetry system had to calculate the absorbed
dose of cells or cluster of cells and spatial 3D distribution of
the absorbed dose in the tumour volume. For the purpose of
comparing conventional and cellular dosimetry we defined
arelative absorbed dose of cells.

A reference man has been defined in the conventional
dosimetry (17). We found that in the cellular dosimetry the
referent tumour and normal organ with cellular
morphometry and all other relevant parameters had to be
defined. The referent 3D solid tumour model at the cellular
level was introduced to improve the radionuclide therapy
and also to standardise the absorbed dose calculations. The
referent 3D solid tumour model could be arranged to be
patient specific if histopatological data were used for the
specific tumour morphometry and imaging technique for
calculating the tumour size and volume for the given
patient.

The planning systems in the radionuclide therapy have
mainly been using the conventional approach (18). Our
goal is to include this model and the absorbed dose
calculation at the cellular level as a part of the planning
systems in the radionuclide therapy. It will be an inverse
planning system, which means that for the prescribed
tumour absorbed dose this system must select an
appropriate radionuclide and calculate the activity to be
administered for specific radiopharmaceuticals and
patients. Both spatial distribution of an absorbed dose at the
cellular level and differential and accumulated dose volume
histograms (DVHs) will contribute to a better radionuclide
selection and administered activity optimization leading to
the best radionuclide therapy plan.

Materials and methods

Referent tumour morphometry

Tumour morphometry is complex. Referent morphometry
values which are part of the referent 3D solid tumour model
must include all relevant parameters of the tumour type and
growth. This morphometry must be generated as realistic as
possible presentation of the tumour and provide a virtual
generation of all specific tumours. The crucial moment of
interest in a tumour growth pattern, for the radionuclide
therapy, is the moment of its diagnostic detectability.
Nowadays diagnostic imaging techniques allow faster
tumour detection, enabling clinicians to start a therapy
earlier. At that moment we define the referent 3D solid
tumour model as a sphere with a radius R (um) filled with
cells or a cluster of cells as spheres, and with an
extracellular space. Virtual cells with medium radius r (Lm)

and standard deviation d(um) are randomly placed in the
tumour space one by one. Cellular volume density ¢(%) of
the tumour is defined as the total cells volume divided by
the tumour volume. The referent 3D solid tumour model
defined in that moment we call Level Zero. In a certain later
moment of the tumour growth we can define Level A of the
referent 3D solid tumour with one spherical necrosis
located in the centre of the tumour with a defined radius.
Level B of the referent 3D solid tumour includes a lot of
spherical necroses with the medium radii, standard
deviation and linear decrease distribution from the centre to
the periphery of the tumour. The volume of necrosis in the
referent 3D solid tumour model is defined with necroses
density n (%). Necroses density for Level Zero is zero. A
referent solid tumour with virtual cells is presented in 3D
mode, using RasTop code (19). The tissue composition and
density of virtual cells and extracellular space can be
selected from the materials database or custom defined. For
all simulations in this study, done with Level Zero referent
3D solid tumour model, we used a soft tissue chemical
structure (20).

Radionuclide labelling

The radionuclide, applied in a virtual tumour, can remain in
cells or in the extracellular space. The parameter called
intracellular to extracellular radionuclide concentration k
(%), defined this activity ratio. Radionuclide was deposited
in certain percentage of tumour cells defined by the
parameter called labelled cell density f (%). Those two
parameters determined nonhomogenity of the radionuclide
distribution in the tumour (7). We used homogeneous
radioactivity labelling within entire cell volume. On the
subcellular level the labelling of radioactivity could be
homogeneous in: a) nucleus, b) citoplasm, ¢) membrane.
Simulations presented in this paper were done with
homogeneous distribution of activity in the cell volume.
Monte Carlo simulation

Many approaches and computer programs are used in
absorbed dose calculations (21-23). Monte Carlo
simulations are mostly applied by various software codes
and calculation methods (24,25). Voxel Monte Carlo
simulations are state of art in this moment (26,27). The
software package FOTELP has been developed to simulate
the transport of photons, electrons and positrons by the
Monte Carlo method for numerical experiments in
dosimetry, radiotherapy and other applications (28). Codes
from this package perform calculations in 3D geometry
with random spectra of particles, having energy in the range
from 1 keV to 100 MeV, and material zones which could be
described by planes and surfaces of the second order (29).
FOTELP codes used transition probabilities from the
previous to the following state of phase space previously
prepared by FEPDAT code (28).

Photon transport was based on the imitation model (30,31).
During the photon history, from one to the another collision,
random values of the following parameters were chosen
from the corresponding distribution: distance, target (atom,
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shell), collision type, type of secondary particles, energies
and angles of particles after collision. FOTELP code treated
photoelectric absorption, incoherent scattering, electron-
positron pairs generation and coherent scattering.
Secondary photons from the bremsstrahlung radiation,
fluorescent photons and photons from positron
annihilations were included as photons from the source.
Electron and positron transport was based on the theory of
condensed history on the part of the particle range (28,30).
Mean energy loss was determined in that range with its
fluctuation by Landau (32), i.e. Blunck-Leizegang
distribution (33). Under the conditions of the multiple
scattering theory, the particle deviation angle was chosen
from Moliere (34) or Goudsmit-Saunderson (35)
distributions. Bremsstrahlung was generated from Poisson
distribution and spectrum of photon emission. Production
of delta electrons on the range was generated from Poisson
distribution, while energy distribution was based on Moller
and Bhabha cross section (36). The angles of the secondary
particles in electron-positron transport were chosen from
relevant distributions. Photoelectric absorption and impact
ionisation were followed by a simulation of atomic
transitions on six levels and generated fluorescent photons.
Auger electrons were treated as relevant particles from the
source.

For the purposes of this investigation FOTELP code was
improved with: a) tumour morphometry generation in
combined geometrical RFG module with Rvachev
functions; b) implementation of radioactive sources in the
tumour volume: homogeneously in labelled cells and
extracellular space, or at subcellular level homogeneously
in the nucleus, citoplasm or membrane. FOTELP code
written in Fortran 77 and carried out on a standard PC could
perform simulations with referent 3D solid tumour model
containing up to eight hundred cells. Simulation run time
depended on referent tumour parameters, applied
radionuclide and activity ranging from a few minutes to
several hours.

Radionuclides

This model was made for the radionuclide therapy and,
because of that, all simulations were done with
radionuclide, not with a monoenergetic particle.
Radionuclides had a different number of beta emissions,
electrons and photons. For electrons and photons each
initial particle started with the same energy. For beta
emitters, each initial particle started with medium energy.
Energies (MeV) for electrons and photons, medium energy
(MeV) for beta emissions and probabilites of those events
were obtained from tables (37). In that way the radionuclide
activity (Bq) was transformed into a sum of events of the
particles (photons or electrons).

Cellular dosimetry model

The absorbed fraction in the MIRD schema is defined as the
fraction of the energy emitted by the source organ that is
absorbed in the target organ. Dosimetry in the radionuclide
therapy began with the absorbed fraction i.e. with
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calculation energy, emitted per decay and deposited in the
tumour (38,39). The referent 3D solid tumour model and
Monte Carlo simulations allow such calculations. When the
fraction of the energy that remains in the tumour was
known, then it is neccesary to calculate: a) absorbed doses
per cells, and b) spatial distribution of the absorbed dose at
cellular level. The absorbed dose per cell was defined as
total energy from all sources in the tumour absorbed in cell,
divided by its mass. The absorbed dose was calculated for
all tumour cells and presented as a histogram. Spatial
distribution of the absorbed dose was defined as the energy
deposited in the element of the tumour volume divided by
its mass and presented as images with a standard voxel
space resolution being R(im)/100. The absorbed dose
images of slices of the referent tumour we called dose
scintigrams.

The average tumour absorbed dose was also calculated
using Monte Carlo FOTELP code, but on the conventional
level, meaning that the activity was homogeneously
distributed within the tumour volume. The relative
absorbed dose of a cell was defined as the absorbed dose of
that cell, divided by an average tumour absorbed dose.
Differential and accumulated DVHs were generated from
the simulation data on the referent 3D solid tumour model.
Differential DVH was generated as a spectrum of the
relative absorbed doses of the cells. Accumulated DVH
represented all tumour cells with certain relative absorbed
dose.

Radionuclide therapy planning system at cellular level
The referent 3D solid tumour model can be a part of the
radionuclide therapy planning system for specific patients
(40,41). The first part of this system is the test scintigraphy
module which calculates accumulated activity in the
tumour (42). The second, a geometry module, which
consists of the test computer tomography or magnet
resonance images to calculate the tumour volume. The
third, a morphometry module calculates specific tumour
morphology, using histopatology data. All test images were
transfered from equipment to radionuclide therapy work
station by DICOM standard. The next step is the calculation
of absorbed doses of the cells and their spatial distribution
in the generated tumour with a specific volume and
morphometry. Final results can be presented using
differential and accumulated DVHs.

Results

A graphic presentation of cells in the referent 3D tumour
model and their absorbed doses for radionuclides I-131 and
Y-90 is given in Figure 1. Radiolabeled cells are coloured
red and non-labeled cells blue. By zooming and rotation of
RasTop code images it is possible to see how the tumour
volume is filled with cells and to verify that there is no
overlapping. The tumour growth is characterized by
necrosis density (Level A and B). The number of cells in the
referent 3D tumour model on Level Zero (without necrosis)
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Figure 1. Graphical presentation of referent 3D solid tumour model in RasTop code (left), and absorbed doses in cells for radionuclides I-
131 (middle) and Y-90 (right) in colour combinations. Radius of tumour 1000 um, median radii of cells 80 pm (SD=8 pm). Volumetric
cell density =40%, Percentage of labelled cells = 10%. Total number of cells = 802. Applied activity = 3.7 MBq. Ratio of intracellular to
extracellular activity =0.9. Activity is homogeneously distributed in labelled cells and in extracellular space.
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Figure 2. Absorbed fraction in tumour spheres is a function of mass (left) and radius (right) for beta emitting radionuclide. Absorbed
fraction is calculated only for beta particles and electrons (Photons are excluded from calculations). Activity of radionuclide is
homogeneously distributed in tumour spheres with soft tissue density.

Volumetric cell

Median radius and standard deviation of cells (um)

density (%)
25+10 50420 100+40 200+80 400+160
10 4,450.903 556,079 69,398 8,671 1,053
20 8,906.649 1,112.399 138,455 17,300 2,190
30 13,353.205 1,669.777 207,907 25,927 3,313
40 17,804.216 2,227.011 278,734 34,673 4,366
45 20,029.094 2,504.724 313,216 39,188 4,896

Table 1. Number of cells in referent 3D solid tumour model for different cell densities and radii. Radius of tumour sphere

10,000 pm

is given in Table-1. The radii of the cells have normal
distribution. The referent tumour is completely defined
when all parameters are set. Volumetric cell density higher
than 45% is very hard to achieve. For cell densities lower
than 40%, the time of computer generation of the referent
3D solid tumour is a few seconds.

The absorbed fractions in function of the tumour mass, and
radii for radionuclides Cu-67, I-131, Re-188 and Y-90 are
given in Figure 2. The absorbed fractions are calculated for

monoenergetic electrons and beta emitters (photon energy
not included) and with homogeneous, uniform radionuclide
distribution in the referent tumour sphere, mass ranging
from 0.000001 to 1000 g, and tumour sphere radii ranging
from 10 im to 2 cm. As for small tumours, most energy
leaves the tumour, but as the tumour radius grows, the
percentage of energy deposed in the tumour volume also
grows. Tracers, with low beta energies such as Cu-67 and I-
131, deposit a larger percentage of energy in the tumour
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Figure 3. One slice of the same referent 3D solid tumour model (left) and spatial distribution of absorbed doses in that slice for I-131
(middle) and Y-90 (right), with color scale. Voxel space resolution is 10 um.
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Figure 4. Differential (left) and accumulated (right) DVHs for I-131 and Y-90. Both DVHs were generated from same simulation on

referent 3D solid tumour model.

volume than those with high energy beta emitters, such as
Re-188 and Y-90. With more massive solid tumours this
difference decreases.

A dose scintigram or absorbed dose spatial distribution of
the referent 3D solid tumour for radionuclides I-131 and Y-
90 is given in Figure 3. The absorbed doses calculated for
all voxels and slices of the tumour cross section were
generated. Simulations were done on the referent tumour
for the applied radionuclide, and with the same
morphometry and labelling parameters. As spatial
distribution of the absorbed dose in the referent tumour was
non-uniform, the labelled cells received much higher doses
than non labelled. Dose scintigram with applied Y-90
showed much more homogeneity.

The relative absorbed dose per cell for the referent tumour,
with administered radionuclides I-131 and Y-90, was
calculated for the unit activity deposited in the tumour and
is represented as differential and accumulated DVHs
respectively in Figure 4. Differential DVH shows that there
is one peak for the labelled and another for non-labelled
cells. Both peaks for high energy beta emitters are closer to
average tumour absorbed dose. A great number of cells
have relative absorbed dose values smaller than one

hundred, meaning that they receive less absorbed doses
than average. Accumulated DVH for applied 1-131 on
Level Zero referent 3D solid tumour model is very far from
ideal. DVH for applied Y-90 is much better than that of I-
131.

Discussion

The referent 3D solid tumour model has been established
for the purpose of calculation of the absorbed dose at the
cellular level and for standardisation of different
calculation methods. Our model includes estimated levels
of tumour progression that correspond to the growth pattern
and simulate a different tumour type using defined
morphometry parameters. Radionuclide labelling on the
cellular and sub-cellular level is included in the model (43).
This is reference based system, but, using patient's
histopatological data for tumour morphometry and imaging
technique for calculating the tumour size, volume and
accumulated activity, it becomes a patient specific
dosimetry system.

Using this model, and Monte Carlo simulations, with
FOTELP code, absorbed fractions of electron and beta
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particles energy for sources uniformly distributed in
spheres of various sizes, were calculated (Figure 2). For
small spheres, small tumours and micrometastases, the
electron energy which escapes the tumour volume cannot
be neglected and must be calculated for the specific
radionuclide, tumour mass and shape (Figure 2a). The
upper limit for an absorbed fraction, as defined in the MIRD
schema, is the asymptote value that can be achieved only for
spherical tumours with very big radii (Figure 2b). The
absorbed fractions in tumours with small radii are greater
with low energy beta emitters. Absorbed fraction
calculations could be compared with simulation results
from other investigators and performed by different
methods (44). The estimation of an absorbed fraction helps
us in analysis but cannot be sufficient for the radionuclide
selection.

Spatial distribution of the absorbed dose, or dose
scintigraphy, is calculated for all slices of the spherical
tumour volume (Figure 3). For high non-uniformity of
accumulated activity in tumour, the absorbed doses must be
calculated at the cellular level. The number of cells which
received average absorbed doses using radionuclide with
low energy beta emitters, such as I-131, is very small (45).
That is one of the important reasons why conventional
dosimetry and clinical response of radionuclide therapy are
not in accordance. For high energy radionuclides, like Y-90,
absorbed dose distribution is much more homogeneous and
the influence of non-uniform activity distribution is
smaller. This dose scintigraphy is very important for
presentation of spatial distribution of the absorbed dose and
its non-uniformity for specific radionuclide therapy.

Monte Carlo simulations with FOTELP code done on the
referent 3D solid tumour model gave us differential and
accumulated DVHs (Figure 4) as the best methods for the
presentation of the cell dosimetry in the radionuclide
therapy. Both DVHs showed that the tumour cell did not
receive sufficient absorbed dose and something had to be
done to improve this. With DVHs it was possible to present
objectively the influence of different radionuclide, tumour
morphometry and radiolabelling characteristics on the
absorbed doses of cells. There was also a good and exact
ratio between the prescribed absorbed dose and specific
absorbed dose distribution on the cellular level in a tumour.
When introduced in the clinical practice DVHs will put the
radionuclide therapy plan on the same methodological level
as the external radiotherapy.

Our model allows simulations with different geometric,
morphometric, histopatological and radiolabelling
parameters. Certain limitation of the referent model is that
all shapes are spheres but specific shapes defined from
histological data can be included in the model. The model
can be further improved with a better implantation of the
tumour growth, adding new parameters and a realistic
dynamic model.

The referent 3D solid tumour model would be of help in
optimisation of radionuclide selection for a specific tracer

and to the medical physicist who calculates the
administered activity accuracy for the prescribed absorbed
doses (46). The basic concept of treatment planning
systems in the radionuclide therapy must be a generation of
optimal DVHs for an individual therapy plan. With an
absorbed dose calculation at the cellular level it is possible
to achieve this goal and to improve clinical application of
the radionuclide therapy.
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