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Abstract

The increasing availability of SPECT/CT devices with advanced technology
offers the opportunity for the accurate assessment of the radiation dose to the
biological target volume during radionuclide therapy. Voxel dosimetry can be
performed employing direct Monte Carlo radiation transport simulations, based
on both morphological and functional images of the patient. On the other hand,
for voxel dosimetry calculations the voxel S value method can be considered
an easier approach than patient-specific Monte Carlo simulations, ensuring a
good dosimetric accuracy at least for anatomic regions which are characterized
by uniform density tissue. However, this approach has been limited because of
the lack of tabulated S values for different voxel dimensions and radionuclides.
The aim of this work is to provide a free dataset of values which can be used for
voxel dosimetry in targeted radionuclide studies. Seven different radionuclides
(39Sr, 0y, B, 153Sm, "Ly, '8Re, 38Re), and 13 different voxel sizes
(2.21,2.33,2.4,3,3.59,3.9,4,4.42,4.8,5, 6, 6.8 and 9.28 mm) are considered.
Voxel S values are calculated performing simulations of monochromatic photon
and electron sources in two different homogeneous tissues (soft tissue and
bone) with DOSXYZnrc code, and weighting the contributions on the basis of
the radionuclide emission spectra. The outcomes are validated by comparison
with Monte Carlo simulations obtained with other codes (PENELOPE and
MCNP4c) performing direct simulation of the radionuclide emission spectra.
The differences among the different Monte Carlo codes are of the order of
a few per cent when considering the source voxel and the bremsstrahlung
tail, whereas the highest differences are observed at a distance close to the
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maximum continuous slowing down approximation range of electrons. These
discrepancies would negligibly affect dosimetric assessments. The dataset of
voxel S values can be freely downloaded from the website www.medphys.it.

1. Introduction

The calculation of the radiation absorbed dose is essential for evaluating risks and
benefits associated with targeted radionuclide therapy (TRT) (e.g., molecular radiotherapy,
radioimmunotherapy and selective internal radiotherapy). The assessment of the absorbed
dose to target and non-target tissues for patient treatment planning is still a challenging
issue in TRT. Methods for acquiring quantitative data on radionuclide biodistribution and
for calculating the radiation absorbed dose using standard anthropomorphic models were
described by the Medical Internal Radiation Dose (MIRD) committee (Loevinger et al 1988,
Siegel et al 1999). These methods were originally designed to estimate average absorbed
doses at the level of the organs and the whole body. Subsequently, the importance of including
nonuniform activity distributions in the dosimetry evaluations has been considered, setting the
basis for the dose calculation at the voxel level.

The MIRD pamphlet no. 17 (Bolch er al 1999) describes the principal methods to
perform the voxel dosimetry: application of direct Monte Carlo radiation transport, integration
of dose point kernels and the so-called voxel S value approach which follows the MIRD
schema. These methods require the assessment of the three dimensional distribution of the
radiopharmaceutical within the body. Over the last few years, efforts moved towards image
processing methods to quantify a spatial and temporal activity distribution with good accuracy
(Giap et al 1995, Liu et al 1999, Chiavassa et al 2006, Kramer et al 2011). With the advent
of the latest PET/CT and SPECT/CT technologies, quantification of activity distributions can
be performed with resolutions adequate for voxel dosimetry, typically of 5 mm or even less,
co-registering functional and anatomic images. The information of both density pattern (CT)
and cumulated activity distribution (SPECT/PET) available in a voxel geometry represents
a resource that can be fully exploited by the direct Monte Carlo transport simulations,
a technique able to handle tissue heterogeneities, taking into account the patient-specific
anatomic geometry as well as the nonuniform source distributions (Hobbs et al 2009, 2011,
Dewaraja et al 2010, Prideaux et al 2007). To date, the implementation of this method is very
demanding and time consuming. Conversely, for anatomic regions characterized by uniform
density tissue, the dose point kernel and the voxel S value techniques represent excellent
options, with rapid computation and still-good dosimetric accuracy (Dieudonné et al 2010).
In particular, the voxel S value concept is possibly the most applied, easy to implement, not
requiring volume integrations of the dose point kernel over sources and targets and complying
with the familiar MIRD formalism.

MIRD pamphlet No. 17 reports extensive tabulations of voxel S values, calculated with the
EGS4 Monte Carlo code for some radionuclides, for three voxel dimensions (3 and 6 mm, and
0.1 mm for autoradiography applications). However, the SPECT and PET devices currently
used in clinical practice offer several voxel dimensions, depending on the acquisition field
of view, the reconstruction matrix, the zoom factor and the manufacturer. It is, therefore,
important to have voxel S values for each clinical setting, i.e. for the given configuration
of voxel geometry and dimensions. On the other hand, it is not always feasible for medical
physicists working in clinical departments to perform dedicated Monte Carlo simulations to
derive the needed S values.
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Our aim is to provide a free dataset which can be used for voxel dosimetry in TRT studies.
In this paper, a method to perform extensive calculation of voxel S values is presented. The
procedures to assess accuracy are also reported. Seven different radionuclides of interest in
TRT, and thirteen different voxel sizes are considered. Voxel S values are calculated by means
of the EGSnrc Monte Carlo code (Kawrakow 2000), performing simulations of monochromatic
photon and electron sources in two different homogeneous tissues (soft tissue and bone) and
weighting the contributions on the basis of the emission spectra of the considered radionuclides.
The outcomes are validated by comparison with simulations obtained with other Monte Carlo
codes, such as penetration and energy loss of positrons and electrons (PENELOPE) and
MCNP4c (Bar6 et al 1995, Hendricks et al 2000), performed independently by some of the
authors.

2. Materials and methods

2.1. Monte Carlo simulations for the voxel S values database

The EGS (electron-gamma-shower) system is a general purpose package for Monte Carlo
simulation of the transport of electrons and photons in an arbitrary geometry. EGS allows the
simulation of particles with energies above a few keV up to several hundreds of GeV. EGSnrc
implements many improvements in the physics of radiation transport, which notably increase
the accuracy of the calculations, with respect to the previous version EGS4, especially at
low energies (Kawrakow 2000). The voxel S values for the database were calculated with the
DOSXYZnrc program. DOSXYZnrec is a software utility available within the EGSnrc package
(Kawrakow and Walters 2006). Based on the EGSnrc transport code, it easily allows us to
calculate the dose distributions in a cartesian voxel volume. The user can score the energy
deposition in each of the designated voxels. Simulations with DOSXYZnrc were implemented
by activating all the most advanced options available, such as the electron impact ionization,
bound Compton scattering, photoelectron angular sampling, Rayleigh scattering and atomic
relaxations.

Electron and photon transports were simulated in two different homogeneous tissues: soft
tissue, having the elemental composition and physical density defined by Cristy and Eckerman
(1987), and bone tissue (i.e. compact bone), as defined by ICRU Report 10b (Physical Aspects
of Irradiation 1964). Even if the S values for both tissues are available on the website, all the
data presented in this paper are related to soft tissue. Energy was scored in grids of cubic voxels,
with the sources uniformly dispersed in a voxel irradiating isotropically the surrounding ones.
All simulations have been carried out without using variance reduction techniques, with a
cutoff energy of 1 keV for both electrons and photons. The simulated region is not an infinite
medium, but regions beyond the cubical array of target voxels were also included to allow for
particle backscatter. In particular, for each voxel size a region with a linear dimension five
times larger than that covered by the target voxels was considered. For example, for 3 mm
voxels a cubical region with side 16.5 cm was simulated, whereas the target voxels cover only
a region with side 3.3 cm located at the centre of the simulated volume. In every case the
source is located at the centre of the simulated volume. For each voxel size, monochromatic
sources were simulated, both for photons and electrons. The energy of the photon sources
was chosen according to the decay data from the Brookhaven National Laboratory database
and available at www.doseinfo-radar.com (Stabin and da Luz 2002). From the same decay
database, the electron spectra for the considered radionuclides were downloaded and rebinned
to 10 keV bins. Figure 1 shows the beta spectra for the seven considered radionuclides. In
particular, they can be separated into three different groups, according to the beta energy
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Figure 1. Beta spectra for the seven considered radionuclides. The CSDA range for the electrons
with the maximum energy of each spectrum is also listed in the legend.

spectrum: low-energy radioisotopes (!”’Lu, '*'T and '3*Sm), high-energy radioisotopes ('**Re
and *°Y) and intermediate-energy radioisotopes (!3°Re and #Sr).

In this study, each simulation consisted in the tracking of 25 million particles (photons or
electrons), with a given energy (monochromatic source), at the chosen voxel dimension. For
each simulation, the energy deposited by particles in each voxel was scored. The energy
was then converted in average dose to the target voxel per unit of cumulated activity
(mGy MBq~! s7!) and associated with the target position in the cartesian grid. For each
voxel size, in order to get the final S values, the contribution of all the monochromatic sources
were summed, weighting by the relative abundance derived from the decay spectra. This
approach allowed the calculation of voxel S values for different radionuclides, from the same
ensemble of results obtained with monochromatic sources. In this way, for the voxel sizes under
consideration it is also straightforward to compute the voxel S values for other radionuclides,
not considered initially, without the need of performing new simulations: at this stage, only the
decay spectrum of the desired radioisotope is needed to calculate the voxel S value tabulation.

2.2. Monte Carlo simulations for the quality control of the database voxel S values

In order to assess their validity, the outcomes achieved with the methods described above were
compared to those obtained independently by some of the authors (co-authors MP and FB),
with two other Monte Carlo codes: MCNP4c and PENELOPE. Some additional simulations
were performed with EGSnrc code. The Monte Carlo calculations for quality control purposes
were performed by simulating the complete beta spectrum emission for each radionuclide.
Photons were simulated in a separate run and the final voxel S values were computed as the
sum of photon and electron contributions.

MCNP is a general-purpose code that can be used for neutron, photon, electron or coupled
neutron/photon/electron transport. It uses a three-dimensional heterogeneous geometry and
can track the transport of photons and electrons in the energy range from 1 keV to about
1000 MeV. The MCNP4c code is the extended version of the originally developed MCNP
code to treat also electron transport, as well as neutron and photon transport, implementing the
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same algorithms as those of the ITS (integrated tiger series), version 3.0. For photon transport,
the code takes into account photoelectric absorption, with the possibility of K- and L-shell
fluorescent emission or Auger electron, coherent and incoherent scattering and pair production.
The continuous slowing down approximation energy loss model is used for electron transport.
The electron physics enhancements, including changes in the density-effect calculation for
collision stopping power, radiative stopping power, calculations of bremsstrahlung spectra and
angular distributions, and hard collision events, constitute the most important improvements
of this code.

PENELOPE simulates coupled electron—photon transport in arbitrary materials from a few
100 eV to about 1 GeV. In this study, the 2008 version has been adopted. As regards positrons
and electrons, elastic collisions are simulated using numerical partial-wave cross sections for
free neutral atoms. Inelastic collisions are simulated on the basis of a generalized oscillator
strength model tailored to allow fast random sampling of energy loss and recoil energy.
Bremsstrahlung emission is simulated based on differential cross sections from the Seltzer
and Berger database. The simulation algorithm is defined as mixed, separating interaction
events into two different classes: hard events, which are simulated in detail, and soft events,
for which condensed simulation is performed. The distinction between hard and soft events
is based on the amount of energy loss and angular deflection occurring in the interaction.
PENELOPE incorporates dedicated simulation control parameters adjusted by the user to
fix the energy and angular thresholds separating hard and soft events. Additionally, for each
material and for each particle type, the energy threshold for particle absorption (E) can be
fixed by the user, together with the maximum allowed length of the track path between two
consecutive interaction events. When the particle energy drops below E,p, transport is no
longer simulated and residual energy is assumed to be deposited locally.

Finally, some simulations were also performed with the EGSnrc code, without using the
DOSXYZnrc utility. All the parameters related to the transport of electrons and photons were
the same as used for calculating the database of voxel S values.

3. Results and discussion

3.1. Results and validation

The first step of the procedure performed for getting the voxel S values for the various
radionuclides consists in simulating monochromatic electron and photon sources with the
DOSXYZnrc code. Figures 2 and 3 illustrate an example of some outcomes. In particular, the
absorbed fraction for the self-irradiation voxel (i.e. the voxel where the source was located),
calculated for monochromatic sources at different voxel sizes, is presented in figure 2. The
data are reported separately for electrons and photons. For electrons, the absorbed fraction
results to be very high (close to the unity) up to energy of a few hundred keV. The monotonic
decreasing of the absorbed fraction with energy is due to the electron stopping power trend
versus energy, whereas the increasing with voxel size reflects the increasing of the interaction
probability when the voxel becomes greater. For photons, the trend versus energy is slightly
more complicated. The energy range of Compton-effect dominance is very broad for low-Z
media (such as human soft tissue), extending from & 20 to &~ 30 MeV, on the other hand
the contribution of the photoelectric effect is still important for energies up to about 100 keV,
also because the scattered photons could re-interact into the self-irradiating voxel and be
absorbed by the photoelectric effect. Nevertheless, its contribution decreases rapidly, because
the interaction cross section is inversely proportional to about the third power of the photon
energy, as reflected by the abrupt decrease of the absorbed energy fraction. For energies higher
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Figure 2. Absorbed fraction for the self-irradiation voxel, as a function of the energy of the source
particles, calculated for monochromatic sources at different voxel sizes. Top: electron sources.

Bottom: photon sources.

than about 100 keV, the absorbed energy fraction slightly increases with energy, probably due
to the increase of Compton interactions with subsequent interactions of the scattered photons.
For the biggest voxels, a plateau is reached at high energies, whereas for the smaller ones a
subsequent lowering of the absorbed energy fraction is evidenced, due to the highest escape
probability of the scattered photons when the energy increases. Correctly, as for electrons, the
absorbed energy fraction increases with voxel size, as photon interaction probability increases
when the voxel becomes greater. Two general trends can be observed: the absorbed fraction
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Figure 3. S values for the self-irradiation voxel, as a function of the energy of the source particles,
calculated for monochromatic sources at different voxel sizes. Top: electron sources. Bottom:
photon sources.

for electrons is much higher than that estimated for photons (the latter being at least a couple
of orders of magnitude lower, even for low-energy photons); for both electrons and photons
the absorbed fraction increases with voxel size. Figure 3 shows an example of S values for
the self-irradiation voxel with monochromatic sources, as a function of the source energy, at
various voxel sizes. Again, we show the data separately for electrons and photons. As the
S value consists of the absorbed fraction multiplied by the energy and divided by the voxel
mass, the general trends versus energy of the S values derive from the absorbed fraction trends



524 N Lanconelli et al

discussed above. As expected, in both cases S values increase as the voxel size decreases. The
S values for electrons increase with energy at low energies, reaching a maximum around 600—
700 keV, and finally remain constant (or slightly decrease for small voxels) at high energies,
as already reported in the literature (Pacilio er al 2009). Similar behaviour can be observed
for photons, except that they present an initial steep drop at very low energies, as discussed
before.

Once a database of S values for monochromatic electrons and photons has been established
for each voxel size of interest, tables of radionuclide S values may be generated. In fact, the
outcomes obtained from monochromatic sources were combined to get the final voxel S values
presented on the website. Figure 4 shows some results from the voxel S value database for
three of the considered radionuclides ("*'I, '"7Lu and '*Re) and with 3 mm voxel size. S
values are plotted as a function of the distance from the central voxel (self-irradiation voxel).
The contribution of electrons is significant at small distances (below the maximum continuous
slowing down approximation (CSDA) range), whereas photons are more important at higher
distances, as expected. The tracking of electrons evidences the deposition of energy even
beyond the maximum CSDA range, thanks to the bremsstrahlung photons produced during
the transport. As a consequence, the curves of S values due to electrons show a sudden variation
in slope at a distance close to the maximum CSDA range. From figure 4, we can note that
such a distance is high for radionuclides with a high-energy beta spectrum, such as '®*Re.
Noteworthy for this same isotope the electron contribution is about one order of magnitude
higher at large distances, with respect to '3'T and ""Lu, due to the higher energy of the
emitted electrons. As expected, radionuclides with high-energy photons (e.g. '*'I, which has
a significant abundance of 364 keV photons) present S values at large distances higher than
those obtained for isotopes where photons have a lower energy (for both '”’Lu and '%3Re the
photons with significant abundance have a maximum energy in the range of 100-200 keV).
This behaviour is maintained for the S values calculated for the other voxel dimensions.

Figure 5 illustrates an example comparing the voxel S values from the database with
those calculated by the other Monte Carlo programs (MCNP4c, PENELOPE and EGSnrc)
for '86Re with a voxel size of 3 mm. It can be noted from the figure that the four curves are
almost indistinguishable. This happens for all the radionuclides and voxel sizes considered
here, demonstrating that the outcomes of the database are in very good agreement with those
obtained with some of the most common Monte Carlo codes, simulating directly the whole
emission spectra of the radionuclides.

As already reported in the literature (Pacilio er al 2009), the statistical uncertainties
associated with the voxel S values depend on the voxel size, distance between the source
and target voxel, energy and type (electrons or photons) of starting particles. The overall
uncertainty for the voxel S values obtained from the DOSXYZnrc monochromatic source
simulations is similar to that obtained with other Monte Carlo codes. With the voxel sizes
and starting particle number (25 millions) used in this work, the calculations performed with
MCNP4c and PENELOPE show the following statistical uncertainties: for the self-irradiation
voxel S values, always lower than about 0.02% for the beta spectrum contribution, and 0.5%
for the photon emission contribution; for voxel distances in the maximum CSDA range, lower
than 7%—-10% for the beta contribution (for the radionuclides of lowest energy) and 2%-3% for
the photon contribution; for voxel distances in the bremsstrahlung tail, lower than 20%—-40%
for the beta contribution and 4%—-5% for the photon contribution. Considering that beyond
the maximum CSDA range, the gamma contribution is at least one order of magnitude higher
than that due to the bremsstrahlung photons, in that region the overall S value uncertainty is
dominated by the gamma contribution.
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Figure 4. Voxel S values from the database, for a voxel size of 3 mm and for three different
radionuclides: '77Lu (top), 1317 (middle) and '38Re (bottom). The S value contributions of photons
and electrons are also reported separately.

For better analysing the data concerning the validation of the database voxel S values,
in figure 6 the percentage difference of the S values calculated with the three Monte Carlo
programs, with respect to those of the database, are reported for the same radionuclide and
voxel size as figure 5 ('3°Re and a voxel size of 3 mm). '8Re and a voxel size of 3 mm
were chosen as an example because, among all the considered radionuclides and voxel sizes,
the highest differences have been observed in this case. The differences can be analysed by
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Figure 6. Percentage difference for voxel S values calculated for '%°Re (3 mm voxel). The
differences are estimated as percentage difference, with respect to the S values of the database.
The vertical line represents approximately the maximum CSDA range of electrons.

considering the entire range of distances divided into three different regions: proximity of
the source (i.e. the voxel where the source is located), distances around the maximum CSDA
range of electrons, reported in figure 1 (£ 1 voxel) and bremsstrahlung tail (distances greater
than twice the maximum CSDA range). In all cases, for voxels in the proximity of the source
the differences are within a few per cent. The highest differences occur beyond the maximum
CSDA ranges. However, it is worth mentioning that at such distances the S values are several
orders of magnitude lower than the self-irradiation voxel. Thus, this causes a limited overall
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Table 1. Comparison of the voxel S values available in the database with those obtained with
three different Monte Carlo programs (MCNP4c, PENELOPE and EGSnrc): absolute values of
percentage difference, with respect to the S values of the database, are reported in three different
regions, voxel where the source of radiation is located, region close to the maximum CSDA range of
electrons and bremsstrahlung tail. Average behaviour among various radionuclides and voxel sizes
is summarized, moreover the range of variation of percentage difference is reported in parenthesis.

MCNP4c PENELOPE EGSnrc
Self-irradiation voxel 2% (1-3) 2% (0-4) 2% (1-3)
Maximum CSDA range =~ 2% (0-5) ~ 2% (1-5) ~ 2% (1-5)
Bremsstrahlung tail ~ 5% (0-15) =~ 2% (0-10) ~ 1% (0-2)

Table 2. Comparison of the voxel S values (mGy MBq~! s=!) for 2°Y and '3'T and voxel sizes
of 3 mm (four rows at the top) and 6 mm (four rows at the bottom) available in the database with
those published in MIRD pamphlet no 17.

Current study  Bolch er al (1999)  Current study  Bolch ef al (1999)

(I, J, K) 90Y 90Y I3II 13lI

(0,0,0) 1.59E+00 1.61E+00 8.99E-01 9.20E-01
0,0,1) 2.75E-01 2.76E-01 3.02E-02 3.54E-02
O, 1,1 9.50E-02 9.76E-02 2.41E-03 3.25E-03
(1, 1,1 4.29E-02 4.53E-02 7.26E-04 8.29E-04
(0,0,0) 3.42E-01 3.46E-01 1.25E-01 1.29E-01
0,0, 1) 3.80E-02 3.95E-02 2.47E-03 2.90E-03
O, 1,1 6.86E-03 7.57E-03 2.98E-04 3.25E-04
(1, 1,1 1.45E-03 1.74E-03 1.63E-04 1.54E-04

impact on the dose estimation at the voxel level, as already reported by other studies (Franquiz
et al 2003, Gonzalez et al 2007, Pacilio et al 2009, Botta et al 2011). The comparison was
repeated for many radionuclides and voxel sizes, observing in all cases very similar behaviour:
differences in the very short distance range are always within a few per cent, whereas the
highest variations in terms of voxel S values take place in the proximity of the maximum
CSDA range or at larger distances. In table 1, the mean difference values for each distance
range are summarized.

In table 2, a comparison of some of the S values calculated in this work for °Y and 31,
and the corresponding ones published in MIRD pamphlet no. 17 is summarized. The difference
for the S value of the self-irradiating voxel presented here is within —1% with respect to the
data from Bolch ef al (1999) for Y and within —2% for '3'1. Larger differences (down to —9%
for ©°Y and —15% for '3'T) are evidenced at farther distances. A more thorough comparison
was already achieved for ellipsoids (Pacilio et al 2009), where the authors compared voxel
S values obtained by updated Monte Carlo codes, and those published in MIRD 17 (derived
with the EGS4 code). In particular, a comparison for *°Y and '3'I for two voxel sizes (3 mm
and 6 mm) was reported in figures 5-8 of the previous paper, as well as a comparison of
the absorbed dose for spheres and ellipsoids of various sizes (figures 11 and 12 of the same
publication). In this work, differences of the same entity as the previous publication have
been obtained, and this is ascribable to the differences between EGS4 and EGSnrc methods
and/or cross-section libraries for transport simulation of low-energy electrons, which were
also observed to affect convolution calculations producing dose differences down to —9% for
BT (Pacilio et al 2009). The influence of the differences among updated Monte Carlo codes
was also studied: it appeared much more mitigated (within a few per cent), leading to the
conclusion that either one of the currently available general purpose Monte Carlo programs is
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values from the website (voxel sizes of 2.21, 6 and 9.28 mm), and for spheres of the same masses,
derived from the values used in the OLINDA / EXM software, for !77Lu and 2°Y.

suitable to produce voxel S values for TRT (Pacilio et al 2009). The Monte Carlo simulations
performed in this work for achieving the quality control of the database showed that the data in
the website are perfectly in-line with the results derived with updated general purpose Monte
Carlo codes.

For further validation, mean doses absorbed to spheroidal cluster of voxels were calculated
using the kernels in the database for different voxel sizes, and compared with mean
absorbed doses for spherical masses quoted in the RADAR website (www.doseinfo-radar.com)
and used in the OLINDA/EXM software (Stabin er al 2005). The JAVA software program
named CALDOSE (calculations of dose on spheres and ellipsoids) previously developed by
the authors (Pacilio et al 2009) was used for dose convolution calculations. To assess the range
of difference based on one-by-one comparisons, the mean doses for sphere masses equal to
the cluster ones were obtained by fitting the OLINDA data with an inverse power law. As
an example, such a comparison is reported in figure 7 for '"’Lu and *°Y, the least and the
most energetic beta emitters among those studied here, referring to voxel sizes of 2.21, 6 and
9.28 mm. With masses in the range 2—1600 g, the differences with respect to the OLINDA mean
absorbed doses ranged from —7.7% to —6.3% for '’ Lu and from —7.9% to —2.1% for °Y. As
the mean doses of OLINDA sphere masses have been calculated with the older MCNP4B and
EGS4 codes (Stabin and Konijnenberg 2000), these differences appear in agreement with the
results discussed above, even though the density difference between the unit density spheres
of OLINDA and the soft tissue density employed here (i.e. 1.04 g cm™?) can also play a
role. Indeed, calculating with MCNP4c the voxel S values associated with position indices of
(0,0,0), (0,0, 1), (0,1, 1) and (1, 1, 1) for the two density values, the following differences
were observed: from 6.9% to 3.3% (for self-irradiating voxel) for '"’Lu, and from 5.7% to
0.5% (for self-irradiating voxel) for °°Y. This is in quite good agreement with the trend of
the observed mean dose differences. Similar results were obtained for the other radionuclides
studied here.
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3.2. Dataset available in the website

At present, the database consists of 7 radionuclides (®Sr, Y, BIT, 153Sm, "7Lu, '%Re and
188Re) and cubic voxels with 13 different sides (2.21, 2.33, 2.4, 3, 3.59, 3.9, 4, 4.42, 4.8,
5, 6, 6.8 and 9.28 mm). For each radionuclide and voxel dimension, the plot of S values is
displayed as a function of the distance from the source voxel. This allows the user to have
a quick look at the general trend of the S values. In addition, users can download the entire
list of voxel S values (photon and electron contributions) as a text file. Such data are the ones
needed to calculate the dose distribution as a convolution between the S values matrix and
the cumulated activity map. Following the MIRD pamphlet no. 17 (Bolch e al 1999), data
are provided as a function of voxel cartesian coordinates starting from (0, 0, 0), representing
the source voxel, up to position indices of (5, 5, 5). For each condition, the voxel S value is
indexed to the integer coordinates of the target voxel in all dimensions (/, J, K). Each entry
(1, J, K) indicates values for the voxel located at a distance from the source voxel of I voxels
in the first dimension, J voxels in the second and K voxels in the third dimension, respectively.
The isotopes and voxel sizes considered up to now were chosen among the most widespread
radioisotopes for TRT and the most common voxel sizes found in clinical SPECT/CT systems.
However, thanks to the methodology used for the calculation, it is quite effortless to calculate
the S values for other radionuclides. The site is also open to possible requests from the users
having different needs, for example, other voxel sizes, including PET devices, and accounting
not only for the nominal but also the real resolution of the system.

3.3. Recommendations on using website data and obtaining new data from those actually
available

The accuracy of the data reported in the website was extensively checked, so these datasets
may constitute a useful datum point, preventing less experienced users from possible mistakes
in using Monte Carlo codes. On the other hand, the use of voxel S values from pre-calculated
datasets presents some intrinsic limitations. It is not possible to derive, from the website,
data for non-cubical voxels or for radionuclides and/or for media different from those
explicitly covered, without achieving accuracy limitations of unpredictable extent. Conversely,
alternative calculation strategies of voxel S values should be more versatile for taking into
account possible voxel size/geometry variations (Franquiz et al 2003, Sarfaraz et al 2004,
Dieudonné et al 2010).

The users are also strongly advised not to extend the validity of these data to different
media, or to physical or clinical conditions unconformable with the hypothesis of uniform tissue
density and composition, in particular, if disease or other conditions may cause significant
deviations from the calculation assumptions. Unfortunately, due to the non-linear nature of
dose deposition, not even linear interpolation for cubical voxels of different size is advisable,
even though a strategy to strongly reduce interpolation errors can be afforded. Converting S
values into absorbed energy could minimize these errors, as the term containing the voxel mass
is intrinsically non linear with voxel size. In figures 8 and 9 examples of the errors resulting
from linear interpolation are reported for *°Y and '"’Lu, respectively. Data are referred to
voxel sizes of 2.40, 3.59 and 6 mm, whose corresponding S values were first interpolated
and after compared with those provided in the website. The interpolation procedure was done
either with voxel S values or with the corresponding values of deposited energy (Eqep). It
can be noticed that the percentage differences between interpolated and provided values are
strongly reduced when interpolation is based on Eq., datasets.
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Figure 8. Errors resulting from linear interpolation for *°Y for three different voxel sizes. The
difference is calculated between the values provided in the website and the same values interpolated
from the two closest available voxel sizes. The interpolation procedure was done either with voxel
S values (namely, from S factor), or with the corresponding values of deposited energy (namely,
from Egep). Top: full range of distances. Bottom: zoom of the plot at small distances.

3.4. 3D dosimetry using S-voxel values in clinical application: possible advantages and

drawbacks

The importance of dose calculation at the voxel level is related to the possibility of considering
the inherent heterogeneity of the radiopharmaceutical distribution in tumour and normal
organs, and the different tissue density and composition as well. Several clinical studies have
shown that the inclusion of nonuniform activity distributions in the dosimetry evaluations
is able to provide more detailed information regarding the potential efficacy and toxicity
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Figure 9. Errors resulting from linear interpolation for '77Lu for three different voxel sizes. The
difference is calculated between the values provided in the website and the same values interpolated
from the two closest available voxel sizes. The interpolation procedure was done either with voxel
S values (namely, from S factor) or with the corresponding values of deposited energy (namely,
from Egep).

(Hobbs ef al 2009, 2011, Dewaraja et al 2010, Prideaux ef al 2007). The dose distribution data
allow the calculation of radiobiological parameters that take into account the nonuniformity
of the dose distribution and correlate with the biological effect better than other dosimetric
parameters, such as the average dose (Dewaraja et al 2010). A high degree of heterogeneity
has been evidenced in both tumours and normal organs, with maximum doses more than
twice the average dose. In particular, in tumours mean absorbed doses even tenfold higher
than the equivalent uniform doses were observed (Hobbs e al 2009, Prideaux et al 2007).
The inclusion of nonuniformity impacted favourably on the treatment planning, enhancing the
chance of response, thanks to the substantial increase of the administered activity (e.g., 2.6-fold,
(Hobbs er al 2009)) with no toxicity developed. Moreover, in the case of treatments combining
radiopharmaceutical therapy and external beam radiotherapy, the availability of dose maps
of both treatments is particularly useful to derive cumulative dose volume histograms and
properly tailor each step of the treatment (Hobbs e al 2011).

All these studies prove that 3D voxel dosimetry is more suitable for optimizing the single
patient risk—benefit balance and, in general, for deriving more robust dose—effect correlations
for both tumours and normal tissues. Although they all adopted a direct Monte Carlo simulation
method, all the advantages above reported are typical of 3D dosimetry approach, so they still
apply to the S-voxel dosimetry as long as the hypothesis of homogeneous tissue composition
is reliable (Dieudonné et al 2010). Specific S-voxel values for particular densities such as bone
or lung must be used to evaluate the absorbed dose in these tissues, but the S-voxel method
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cannot be applied in the case of interface. In fact, errors would arise depending on specific
scenarios including radionuclides, geometry, density gradient and activity distribution. In such
cases, the use of direct MC simulations is certainly recommended instead. The dosimetric
impact of density heterogeneity in the case of different TRTs, critical organs and tumour sites
is a matter of interest, together with the problems related to the degradation of the images
(Ljungberg et al 2003). These issues are an object of study by many groups, including ours.

4. Summary

In this paper a website is presented containing an accurate dataset of voxel S values to be used
for voxel dosimetry calculation in TRT studies. Data can be freely downloaded at the website
www.medphys.it. Seven different radionuclides of interest in TRT, and thirteen different voxel
sizes for largely widespread imaging systems were considered. The DOSXYZnrc Monte
Carlo program was used to simulate S values for monoenergetic sources of photons and
electrons, subsequently combined according to the emission spectra to obtain isotopes S
values. The accuracy of the procedure to achieve the data included in the website was assessed
by comparison with the outcomes of two other Monte Carlo codes (MCNP4c, PENELOPE),
obtained simulating the entire emission spectrum in a single simulation run. The differences
among the codes are of the order of a few percent close to the source voxel and in the
bremsstrahlung tail. The highest discrepancies occur at a distance close to the maximum range
of electrons, where, however, S values are at least three orders of magnitude lower than those
of the source voxel, thus leading to minor impact on the dose estimation at the voxel level.
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