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We report the generation of dose point kernels for
clinically-relevant radionuclide beta decays and monoener-
getic electrons in various tissues to understand the impact of
tissue type on dose point kernels. Currently available voxel-
wise dosimetry approaches using dose point kernels ignore
tissue composition and density heterogeneities. Therefore, the
study on the impact of tissue type on dose point kernels is
warranted. Simulations were performed using the GATE
Monte Carlo toolkit, which encapsulates GEANT4 libraries.
Dose point kernels were simulated in phantoms of water,
compact bone, lung, adipose tissue, blood and red marrow for
radionuclides Y, '**Re, **P, *Sr, "**Re, "**Sm and "Lu and
monoenergetic electrons (0.015-10 MeV). All simulations
were performed by assuming an isotropic point source of
electrons at the center of a homogeneous spherical phantom.
Tissue-specific differences between kernels were investigated
by normalizing kernels for effective pathlength. Transport of
20 million particles was found to provide sufficient statistical
precision in all simulated kernels. The simulated dose point
kernels demonstrate excellent agreement with other Monte
Carlo packages. Deviation from kernels reported in the
literature did not exceed a 10% global difference, which is
consistent with the variability among published results. There
are no significant differences between the dose point kernel in
water and kernels in other tissues that have been scaled to
account for density; however, tissue density predictably
demonstrated itself to be a significant variable in dose point
kernel distribution. © 2020 by Radiation Research Society

Editor’s note. The online version of this article (DOI: https://doi.
org/10.1667/RR15563.1) contains supplementary information that is
available to all authorized users.
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INTRODUCTION

Radioisotopes and their associated decay products play a
central role in both imaging and therapeutic nuclear
medicine applications. Radionuclides such as *°Y, *P, *'I,
""Tn and *Sr have been used for several decades in both
radiotherapy and single photon imaging applications,
whereas 'F, ®Ga and *Zr are widely used in the PET
imaging. In addition, '"’Lu and ***Ra have recently attracted
considerable attention and demonstrated great promise in
targeted radionuclide therapy applications. Regardless of
whether the radionuclides are tagged to imaging or therapy
radiopharmaceuticals, irradiated molecules/atoms within
cells absorb energy from the charged particles emitted from
radionuclide decay and also from the photons when
interacting with secondary charged particles. This energy
deposition can promote direct macromolecular damage as
well as generate reactive oxygen and/or nitrogen species (/).

Starting with a known distribution of radioactive decays
in the body, the absorbed dose to tissues can be estimated
using one of several techniques. The most rigorous
dosimetric methods employ image-based radionuclide
distributions combined with full Monte Carlo calculations,
but this typically requires many hours to perform. The
Medical Internal Radiation Dosimetry (MIRD) approach is
perhaps the simplest and most widely used to calculate
organ-specific internal radiation dose. The traditional MIRD
formalism is an organ-based dosimetry technique, which
uses pre-tabulated organ-based S values. The S value is the
radionuclide-specific quantity representing the mean ab-
sorbed dose rate to a target organ per unit activity in a
source organ (2). The limitations to this approach are
severalfold. Activities in organs are assumed to be
uniformly distributed. Also, the MIRD ‘‘standard man’’
assumes standard organ shapes and sizes with rigid
geometric relationships between organs, and S values are
not tabulated for distributions other than simple, whole
organs. Although whole-organ dosimetry is colloquially
what is meant by ‘““the MIRD method,” it is worth noting
that the absorbed fraction methodology can also be applied
to organ sub-units, cells or at the voxel level (2, 3). The
latest MIRD/ICRP voxel-based anthropomorphic phantoms
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are also available, however, tissue composition heteroge-
neity is not considered, and patient-specific organ geome-
tries are not yet feasible (4-6).

Intra-organ dosimetry with nonuniform activity distribu-
tions has been addressed by development of voxel-based
dosimetry, including the voxel S value (VSV) and the dose
point kernel (DPK) methods. These methods rely on
convolving isotope-specific kernels with the cumulative
activity distribution of interest, such that a dose map is
obtained. Dose kernels used for this process often follow the
nomenclature “VSV’ for kernels that are in voxelized
coordinate space, and ‘““DPK’’ for kernels that are tabulated
as a function of radius from a point source, although this
convention is not universally followed. Converting a DPK
to a VSV map involves resampling the DPK into Cartesian
coordinates and convolving with the uniform activity of a
source voxel.

Empirical measurement of beta dose point kernels is
challenging due to the limited range of electrons in matter
and spatial limitations of conventional dosimeters. As such,
many authors have calculated kernels analytically (7) or
simulated them using Monte Carlo (MC) methods (8-76).
Monte Carlo codes that have been used for this purpose
include ETRAN, SMOOPY, EGSnrc, FLUKA, PENELO-
PE, MCNPX, Geant4DNA and GATE. All of these Monte
Carlo codes attempt to approximate a solution to the
Boltzmann transport equation by employing different
treatments of stochastic transport processes.

The simulation of interactions between electrons and their
secondary particles with matter is one of the main tasks of
Monte Carlo simulations. The resulting energy deposition is
relevant to a wide variety of applications. GATE, the
Geant4 Application for Tomographic Emission, is an open-
source package Monte Carlo simulation toolkit, which
incorporates the Geant4 cross-section and stopping power
data libraries (/7). The GATE software has been exten-
sively used in imaging applications since its release in May
2004 (/8). Visvikis et al. (19) were the first to study the
potential of GATE in dosimetric applications; similar
dosimetric uses of GATE have been the subject of
additional literature (//, 20-24). For the current study, we
exclusively used the GATE Monte Carlo simulation toolkit
(GATE version 8.1) to simulate the dose distribution of
monoenergetic electrons and the beta spectra of several
medically relevant radionuclides in several tissue types.

The simulation of beta-emitting radionuclides and
monoenergetic electrons in different materials is essential
to understanding the impact of tissue type on the spatial
distribution of energy deposition. In this work, we simulate
electrons and betas in different tissues: water, compact bone
(hereafter bone), blood, red marrow, adipose and lung.
Monoenergetic electrons dose point kernels were simulated
for energies (0.015-10 MeV). Variability of scaled kernels
may inform of the utility of multi-kernel dosimetry
methods, so comparison of kernels generated in different
tissues was a priority within this work. In addition to
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monoenergetic electrons, dose point kernels were simulated
for common therapeutic radionuclides: Y, '**Re, **P, *Sr,
186Re, 3Sm and '"Lu. The beta emitters *°Y, '*®Re, '*°Re
and 'Lu are isotopes used in targeted radiotherapy,
whereas the isotopes '**Sm, *Sr and **P are useful for the
treatment of metastatic bone pain (25). Finally, a compar-
ison of the dose point kernels in water and bone against
other Monte Carlo codes was performed. The novel dataset
of all GATE version 8.1-generated dose point kernels in

media as mentioned above is included in the Supplementary
Tables (https://doi.org/10.1667/RR15563.1.51).

MATERIALS AND METHODS
Monte Carlo Simulation Using GATE

DPKs were simulated in a spherical phantom assuming a
homogeneous spherical system with a point source at its center,
emitting isotropically. Dose deposition was tabulated in spherical
concentric shells placed around the source at fixed radial distances.
The thickness of the concentric shells for each Monte Carlo simulation
was made to be equal to the voxel size of the three-dimensional (3D)
dose matrix (defined as the electron step size in the simulation). The
dose scoring voxel volume has been defined as the dosel (/7). In all
simulations, the radius of the phantom was greater than the range of
electrons in the homogeneous media.

Electrons, in passing through the matter, undergo physical
interactions and lose energy primarily by ionization, although other
processes (multiple scattering, bremsstrahlung, Cerenkov radiation,
backscattering and Moller scattering losses) contribute as well. In this
simulation using GATE, the electromagnetic (EM) constructor,
“emstandard_opt3,”” was implemented for the physics list. This EM
constructor is useful for applications that require higher accuracy of
electrons, hadrons and ion tracking (26).

The following parameters in GATE were used for all simulations:
EMin = 0.1 keV, EMax = 10 GeV, DEDXBinning = 220 and
LambdaBinning = 220. These parameters specify the kinetic energy
range for all physical processes, the number of bins for the mean
energy loss (default = 84) and the number of bins for the mean free
path table (default = 84). Variance reduction techniques were not used
in any of the simulations performed in this work.

In GATE, doseActor was used to calculate the energy deposition.
The deposited energy, EDep, was scored at the voxel level, and
associated uncertainties were calculated in each dosel with the
doseActor UncertaintyEDep. The output of the simulation, i.e., 3D
energy deposition matrices and its statistical uncertainties, were stored
in the Metalmage format, i.e., mhd, as recommended by GATE (/7).
A MATLAB® in-house code was developed, which converts the
cartesian coordinates to the polar coordinates, to obtain the relevant
dosimetric quantities from the results. In this simulation work,
deposited energies were scored into bins of size equal to the thickness
of the concentric shells. To ensure at least one physical interaction in
each bin, the bin width was set equal to the electronStepLimiter
parameter, referred to as the Step-Max. The effective atomic number
(Z.) and densities of simulated tissues are tabulated in Table 1. The
atomic composition and densities of these materials were obtained
from ICRU Report No. 46 (27).

Electron Step Size

During simulation, electron trajectories were divided into sub-steps,
all of equal length, regardless of electron energy. The fixed step size
scheme used herein also permits efficient implementation of the
Goudsmit-Saunderson theory. The step length is usually chosen so
that the energy loss along a step is constant. The MCNP (28) and
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TABLE 1
The Densities and Effective Atomic Number of
Tissues Used in Simulations

Materials p (g/cm?) Zeit
Bone 1.85 11.87
Blood 1.06 7.78
Lung 0.26 7.74
Water 1.00 7.42
Red marrow 1.03 7.21
Adipose 0.92 6.47

ETRAN code (/5) have a default value of 8.3% average energy loss
per step. However, in Geant4, the recommended value of fractional
energy loss per step is 10% set by the parameter referred to as
dRoverRange during a step for particle (26, 29).

Electron step size is a user-controlled parameter in simulation; the
electronStepLimiter parameter was used to set the electron step. It was
fixed by the corresponding percentage energy loss of the electrons in
different media. To get more accurate results very small steps are
optimal; however, simulation becomes computationally intensive as
the step size decreases. The step size is calculated using the stopping
power and energy of the electron. The fractional energy loss for each
step is AE/E = constant, where AE =E, — E,_, is given by:

Sy

dE
AE = — —d. 1
B (1)
Sn-1

where dE/dS is the total stopping power for the energy and material
media of interest. The stopping power values were taken from the
ESTAR database (30) to calculate the step length parameter. Electron step
sizes were equal to the voxel sizes in all simulations performed herein.

Energy Thresholds

An energy threshold was set, below which the particle transport
assumed local energy deposition, using the range cut parameter. This
energy threshold is necessary to avoid the infrared divergences that
appear in electromagnetic processes (/7). In this work, where electron
energy is greater than 1 MeV, energy thresholds of ~10 keV were set,
for 100 keV to 1 MeV energy range, energy thresholds of ~5 keV
were set and for 15-100 keV, the energy thresholds used were ~2
keV. For instance, the associated range thresholds at the energy
threshold of 5 keV were: 3.1 pm in bone, 5.2 um in blood, 5.3 pm in
red marrow, 5.4 pm in water, 5.76 pm in adipose and 21 pm in lung.

Monoenergetic Electron Dose Point Kernels

The dose point kernels (DPKs) can be defined as energy deposition
kernels from point isotropic sources. DPKs can also be described as
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the dose deposition profile, as a function of radial distance. For
monoenergetic electrons, the scaled absorbed dose can be written as
(7, 31):

R
J = = 42D (r) ~S2A 2)

where 7 is the radial distance from the center of the sphere, D(r) is the
absorbed dose per source particle a distance r and R, is the range of
electrons in the continuous slowing down approximation (CSDA) with
source energy E,. The nominal CSDA range (R¢sp4) tabulated in Table
2 for all energies was obtained from the NIST ESTAR database
(accessed May 2019) (30). The values of Rqp, tabulated in Table 2 are
the ranges of electrons scaled with corresponding density of the
material media in g/cm? and demonstrate a differential range of
approximately 10%.

Use of the scaled kernel formalism given by Eq. (2) facilitates inter-
kernel comparison by: 1. Normalizing the domain to Regpa; 2.
Normalizing the range to the total electron energy; and 3. Removing
the inverse-square dependence of energy deposition about an isotropic
point source. The dimensionless quantity (/), defined by Eq. (2),
represents the fraction of dose deposited in a spherical shell of scaled
radius 7/Rcspa t0 1/Rcspa + d(r/Respa).

Twenty million primaries were simulated for each monoenergetic
electron simulations. The dose point kernels for monoenergetic
electrons with energies 15 keV, 50 keV, 100 keV, 500 keV, 1
MeV, 2 MeV, 4 MeV and 10 MeV were simulated in media of water,
bone, blood, red marrow, adipose and lung; our work was compared
with published literature (8, 9, /1, 31, 32).

The voxel sizes for each simulation were calculated using Eq (1)
and were also used with preliminary simulations to check whether the
calculated values are in good agreement with the results of other
Monte Carlo codes. All voxel sizes for each simulation are provided in
Tables 3 and 4. Moreover, for the voxel sizes for 50 keV, 500 keV and
2 MeV monoenergetic electrons in water were made to match with
those used by Papadimitroulas er al. (/1) for comparison with their
work.

Beta Emitter Radionuclides Dose Point Kernels

All simulation parameters were maintained when moving to beta
spectra; however, a different scaled kernel formalism was used. The
absorbed scaled dose for beta kernels can be written as (7, 3/):

J(r/Xon) = Ampr*D(r) S, ()

ave

where, p is the density of the media, r is the radial distance from the
center of the sphere, D(r) is the absorbed dose per source particle at
radius 7, Xy, is the radius of the homogeneous sphere in which 90% of
the emitted energy is absorbed, and E,,, is the average energy of the
beta spectrum. The beta radionuclide’s dose point kernels are usually
scaled by using the Xy, parameter. In this work, these parameters were

TABLE 2
CSDA Range of Electrons in Different Tissues Used for Dose Point Kernel Scaling

Recspa range (g/cm?)

e energy (MeV) Water Adipose Blood Red Marrow Bone Lung
0.015 5.147 X 10+ 4.940 X 10+ 5.198 X 10+ 5.095 X 10+ 5.627 X 10+ 5.189 X 10+
0.05 4.320 X 107 4.175 X 107 4362 X 107 4290 X 107 4.681 X 107 4.355 X 107
0.10 1431 X 107 1.387 X 107 1.445 X 107 1.423 X 107 1.545 X 10 1.443 X 10
0.50 1.766 X 10 1.720 X 10 1.781 X 10 1.761 X 10 1.898 X 10 1.780 X 10
1.00 4.367 X 10! 4275 X 10 4413 X 10 4.369 X 10 4711 X 10 4.388 X 10
2.00 9.875 X 10" 9.621 X 10 9.895 X 10 9.820 X 10! 1.056 9.719 X 10
4.00 2.037 2.010 2.061 2.049 2.191 2.000
10.0 4.975 4.933 5.031 5.014 5.293 4.842
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TABLE 3
The electronStepLimiter Parameters for Monoenergetic Electrons in Simulation

electronStepLimiter (voxel size) (mm)

e energy (MeV) Water Adipose Blood Red marrow Bone Lung
0.015 1.065 X 10 1.158 X 10 9.999 X 10~ 1.034 X 10* 5.323 X 107° 4.096 X 10
0.05 6.227 X 10 6.768 X 10 5.875 X 10+ 6.045 X 10+ 3.374 X 10+ 2.395 X 107
0.10 2.730 X 107 2.730 X 107 2.730 X 107 2.650 X 107 2.730 X 107 1.050 X 102
0.50 1.909 X 107 2.074 X 107 1.799 X 107 1.854 X 1072 1.034 X 1072 7.342 X 1072
1.00 4.734 X 107 4.446 X 107 4791 X 107 4.601 X 1072 2.532 X 102 1.816 X 10!
2.00 1.058 X 10 1.150 X 10! 9.981 X 10 1.027 X 10 5.719 X 107! 4.070 X 10"
4.00 4.032 X 107! 4.732 X 107! 3.803 X 10 3913 X 10" 2.714 X 107! 1.500
10.0 5.400 X 10! 5.870 X 10! 5.099 X 107! 5.243 X 10 2919 X 10 2.070

calculated from the simulations themselves. The numerical value of
Xoo for each simulating material-energy combination can also be
calculated using,

Xoo

/ r2®(r)dr = 0.90, (4)
0

4mp

where ®(r) is the fraction of energy deposited per unit mass at a
distance r from a point source.

Beta spectra were simulated using the histogram option in GATE,
and energy spectra of radionuclides tabulated in Table 4 were obtained
from the RAdiation Dose Assessment Resource (RADAR, accessed
May 2019) (33). It should be noted that the beta energy spectra were
directly sampled during simulations instead of approximating the
spectrum using a weighted sum of monoenergetic results. The average
energy and the end point energy of the betas were obtained from
NNDC (accessed June 2019) (34). In this simulation, only beta spectra
are used for source input for the simulations for all isotopes.

RESULTS
Monoenergetic Electron Dose Point Kernels

The results of the simulations of dose point kernels for
monoenergetic electrons are shown in Fig. 1. The DPKs
have slightly different peaks in different tissues. This is
because the DPKs are associated with the effective atomic
number (Z.;) of the media. The media that has a greater
value of Z. has the highest peak (bone) in Fig. 1, and vice
versa. This is in accordance with the stopping power theory,
i.e., the proportionality of the stopping power with the ratio
of atomic number and the mass number (Z/A) of the
material media. The complete set of scaled dose point
kernels obtained in this work for electron energies 15, 50,

100 and 500 keV, and 1, 2, 4 and 10 MeV, in water, bone,
blood, red marrow, adipose and lung, are available in
Supplementary Table S1 (https://doi.org/10.1667/RR15563.
1.S1).

Literature Comparison of Electron Dose Point Kernels

The simulated monoenergetic electron dose point kernels
were compared with those in the literature, as shown in Fig.
2. The dose point kernels generated with different Monte
Carlo codes were generally in good agreement. Figure 2A
shows the dose point kernels for 50 keV monoenergetic
electrons in water compared to other published codes. The
greatest differences occur near the maxima of the energy
deposition. The maxima of dose kernels for 50 keV
monoenergetic electrons generated with GATE version 8.1
is at 7/Respa = 0.650, i.e., 65% of the Rqsps range. Other
codes such as Geant4DNA and MCNPX (9) also appear to
have maxima at r/Rqsps = 0.650. However, for remaining
codes PENELOPE (9) and ACCEPT (317), kernels show a
peak at r/Rcspa = 0.600. The largest point-to-point
percentage difference between GATE version 8.1 and other
codes at r/Rqspa = 0.650 is 1.5% (PENELOPE), 3.5%
(ACCEPT), 2.1% (EGSnrc), 3.8% (Geant4dDNA) and
21.3% (MCNPX), respectively. However, the mean point-
to-point percentage differences are 1.5% (PENELOPE),
3.1%(ACCEPT), 1.7%(EGSnrc), 2.4%(Geant4DNA) and
6.9%(MCNPX), as shown in the Fig. 3A.

For the 100 keV monoenergetic electrons, as shown in
Fig. 2A, similar shapes of kernel distributions have been
observed. The most significant differences were obtained at
the maxima of the kernel distribution, where they amount to

TABLE 4
The electronStepLimiter Parameters for the Beta Radionuclides in Simulation

electronStepLimiter (voxel size) (mm)

Radionuclide Water Adipose Blood Red marrow Bone Lung

Y 1.106 X 10 1.202 X 10™ 1.045 X 107" 1.074 X 10 5.979 X 107 4.250 X 107"
'%Re 9.550 X 107 1.040 X 10 9.009 X 107 9.300 X 107 5.160 X 107 3.670 X 10!
2p 7.672 X 107 8.320 X 10~ 7.220 X 107 7.444 X 107 4.137 X 107 2.949 X 10
8Sr 6.400 X 10 6.956 X 10 6.037 X 10 6.210 X 102 3.456 X 102 2.460 X 10
'%Re 3.860 X 107 4.208 X 107 3.640 X 1072 3.750 X 107 1.937 X 1072 1.150 X 10
5Sm 2.300 X 10 2.500 X 10 2.050 X 10 2.223 X 107 1.150 X 10 6.440 X 102
"Lu 1.210 X 107 1.354 X 10 1.147 X 107 1.175 X 107 6.500 X 107 4.549 X 107
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FIG. 1. Panels A-D: Dose point kernels of 15, 50, 100 and 500 keV monoenergetic electrons, respectively, in

water, bone, blood, adipose, red marrow and lung.

less than 6% for the PENELOPE, ACCEPT, EGSnrc and
Geant4DNA codes, and ~2% for MCNPX code, respec-
tively. However, the mean percentage differences are
slightly less than that of 50 keV monoenergetic electrons
(Fig. 3). For the 1 MeV electrons in water, similar
discrepancies were observed and are comparable to the
variations between other Monte Carlo codes. Overall, there
is a good agreement between the codes.

Dose point kernels in bone are not available in the
literature for all electron energies simulated herein, so
comparisons were only made for 1 MeV monoenergetic
electrons. Comparison between the results of our study with
FLUKA (&) and GATE version 6.1 (/1) are favorable, with
3.4% and 1.1% differences.

Tissue-Specific Beta-Emitting Radionuclide Dose Point
Kernels

The numerical values of Xy, were calculated based on the
90% total energy deposited by all the primary events. The
corresponding radius of the concentric spheres at 90% total
energy deposited value gives the Xo, metric. The Xy, values
simulated herein are included in Table 5. The simulated
values in water agree with values reported in the literature.
The large differences in Xy, values in Table 5 as a function
of tissue type are primarily driven by the density of tissue.
The results of the simulation of beta dose point kernels for
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Y, 3?P, ¥8Re, "*°Re, ¥Sr, '**Sm and '’Lu isotopes in water,
bone, blood, red marrow, adipose and lung are shown in the
Figs 4, 5 and 6. The complete data are available in
Supplementary Table S2 (https://doi.org/10.1667/RR15563.
1.S1D).

As shown in Figs. 4 and 5, the beta dose point kernels in
different media do not differ significantly when normalized
to Xo. To quantify the differences between kernels, the
mean percentage difference between the point-to-point
comparison of dose point kernels for '"Lu has been
calculated using Eq. (5) for all tissue types. The point-to-
point comparison of the two-dose point kernel profiles at the
same scaled distance from the source can be calculated
using Eq. (5),

% mean difference

LS G/ Xo0) = T Xo0)] o0
N | max(Jyi(r/Xo0), J1.i(r/Xo0)) X 100%,

(5)

where, J,(r/Xy) is the dose point kernel in water at the
scaled distance (/Xq0) and J,(r/Xq) is the dose point kernel
at the same scaled distance (7/Xy,) in other tissues; namely
bone, blood, adipose, lung and red marrow, and N
represents the total number of points in calculation.

The average statistical uncertainties in all beta simulations
are less than 5% for 0.1 < (r/Xy,) < 1.0. The beta DPKs of
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FIG. 2. Comparison of DPKs of monoenergetic electrons with published kernels of (panels A—C) 50 keV, 100

keV and 1 MeV, respectively, in water and (panel D) 1 MeV in bone.
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TABLE 5
X, Values Calculated from Simulated Dose Point Kernels

Xoo values (mm)

Xy values in water (mm)

Radionuclide Bone Blood Red marrow Water Adipose Lung in the literature
Y 293 5.09 5.33 5.39 5.85 20.36 5.40 (8), 5.43 (32)
'%5Re 2.60 4.43 4.65 4.71 5.15 18.05 4.57 (8), 4.89 (35)
2p 2.13 3.68 3.81 3.86 4.25 14.95 3.66 (32), 3.74 (36)
8Sr 1.81 3.21 3.24 3.28 3.62 12.36 3.21 (36)
'%6Re 1.24 2.14 2.23 2.25 247 8.71 1.91 (8)
53Sm 0.65 1.15 1.19 1.20 1.32 4.65 1.15 (8)

"Lu 0.36 0.63 0.65 0.66 0.73 2.57 0.62 (8)

Lu and *°Y in different media are shown in Figs. 4 and 5.
The mean percentage difference between the beta DPKs in
water to those in bone, blood, lung, adipose and red marrow
are less than 2% (Fig. 4A). The calculated discrepancies are
not statistically significant.

Figure 6 shows the beta radionuclide dose point kernels
plotted with the scaled distance and the radial distance in
water, bone, blood and lung. All the DPKs plotted with the
scaled distance (Fig. 6A, C, E and G) and the radial
distances (Fig. 6B, D, F and G) in different tissues are found
to be similar in shape and magnitude.

Literature Comparison of Beta Dose Point Kernels

Although beta kernels were generated for water, bone,
blood, red marrow, adipose and lung, comparison against
the data found in the literature is only possible for water and
bone. These comparisons are shown in Figs. 7 and 8. This
work using GATE versions 8.1 and 7.2 shows an excellent
agreement with the dose point kernels calculated using
FLUKA and PENELOPE Monte Carlo codes.

Discrepancies among kernels were quantified for scaled
distances (1/Xs) < 1. The beta dose point kernels of """Lu
were compared to those of FLUKA (8), PENELOPE (8) and
earlier versions of GATE [version 6.1 (/1) and version 7.2
(current work)] in water and bone media. Similarly, the beta
kernels of *°Y were compared using FLUKA (8) and EGS4
(32) in water and bone. The small deviations between dose

A 50 77Lu
. - ~ Bone
S 25} Blood
>\: F -~ Red marrow
5 20F - Water
o . Adipose
g 15F = Lung
e} L
® 1.0
© r
® 05F

00 L T

0.5 1.5
Scaled distance (r/Xy)

0.0 2.0

s

% Mean difference

kernels in Figs. 7 and 8 are likely caused by different values
for the Xo, parameter in addition to differences between
Monte Carlo codes. The mean percentage difference in dose
kernels obtained in the current work compared to that of the
literature has been calculated and shown in Fig. 3A. The
results show the excellent agreement between the codes, and
the mean differences between the GATE and other codes
range between 1% and 3%.

DISCUSSION

There has been significant interest in developing new 3D
dosimetry tools for targeted radionuclide therapy. This
interest is motivated by the shortcomings of utilizing pre-
tabulated energy transfer coefficients generated from virtual
anthropomorphic phantoms. So-called ‘“‘voxel-wise dosim-
etry”” aims to provide a dose or dose-rate estimate for each
voxel within a nuclear medicine image volume. The most
straightforward approach using dose point kernel voxel-
wise dosimetry involves convolving an isotope-specific
energy deposition kernel with the activity map. However,
this approach neglects the impact of tissue type and density
heterogeneity within the patient. The use of tissue-specific
VSV or DPK in different tissue interfaces, e.g., at soft
tissue/bone, lung/soft tissue interfaces or lung/bone, is still a
challenge. More research is needed to study the behavior of
kernels at such interfaces. The goal of this work was to: 1.
Improve the availability of electron and beta kernels in

50 "7Lu and °°Y
[ w77y
4.0f 8 ooy
a [
® 30}
E
£ 20}
I
1.0f
0.0C
Bone Blood Adipose Lung Red
marrow

FIG. 4. Panel A: Beta DPKs for '’Lu in bone, blood, red marrow, water, adipose and lung. Panel B: Beta
DPKs of "’Lu and *°Y in water compared with other tissues.
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FIG. 5. Panels A-F: Dose point kernels of the beta emitters *°Y, '**Re, "*Re, **P, '**Sm and *Sr nuclides,
respectively, in water, bone, blood, red marrow, adipose and lung as a function of scaled distance (1/Xo).

literature; and 2. To assess the importance of utilizing
tissue-specific electron kernels for voxel-wise dosimetry.
GATE is a validated Monte Carlo simulation toolkit for
tomographic emission, radiotherapy and dosimetric appli-
cations. In recent years, GATE has been widely imple-
mented for different studies on the radiation transport field
(11, 20, 21, 23). It has been gaining popularity because of
its versatility, its scripting mechanism, powerful visualiza-
tion and 3D rendering tools. Ferrer et al. (20) were the first
to use GATE for monoenergetic electron dose point kernel
simulations in water using Geant4 4.8.1. In addition,
Maigne et al. (21) simulated monoenergetic electrons in
water using GATE version 6.0. Furthermore, Papadimi-
troulas et al. (/1) implemented GATE version 6.1 to
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simulate the beta radionuclides and monoenergetic electrons
in water, bone, lung and soft tissue. Since the currently
available voxel-wise approaches to radionuclide dosimetry
ignore tissue composition and do not account for density
heterogeneities, a study on the impact of tissue type on dose
point kernels was deemed necessary. Thus, we studied the
impact of tissue types on dose point kernels for radionu-
clides that are widely used in nuclear medicine.

In this work, dose point kernels have been simulated with
GATE Monte Carlo code for both monoenergetic electrons
and beta radionuclides in water, compact bone, blood, red
marrow, adipose and lung. The resulting dose point kernels
are in excellent agreement with published data. The
maximum discrepancy observed in this work is 7%
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FIG. 7. Comparison against literature kernels for '"’Lu in (panel A) water and (panel B) bone.

compared to MCNPX and ETRAN code. The observed
discrepancies in the dose point kernels may be due to the
superposition of multiple factors. The significant contribu-
tions are likely from the following: 1. Xy, values used in
scaling of kernels; 2. Differences in the average energy of
the radionuclides in literature; 3. Beta spectra used in the
radionuclide simulation; and 4. Different treatment of
charged particle transport among Monte Carlo codes.

The Xy, value reported by Mainegra-Hing et al. (32) for
Y does not greatly differ from the value calculated in the
current work. However, Botta et al. (8) reported a slightly
higher value as shown in Table 5. In addition, for '**Re,
Mainegra-Hing et al. (32) reported a smaller value, whereas
Botta et al. (8) reported a higher value than the calculated
value. Similar discrepancies were observed for all other
radionuclide dose kernel simulations.

Differences among Monte Carlo codes are expected, due
to differences in their treatment of electron transport. The
Monte Carlo codes MCNPX and ETRAN utilize the
condensed history algorithm, and PENELOPE makes use
of a mixed simulation algorithm that combines both the
detailed and condensed history algorithm. In addition,
EGSnrc exploited the Moliere multiple scattering model
with an exact boundary crossing algorithm and FLUKA
code based on the multiple scattering model. However,
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GATE used in this work incorporates Geant4 source code
and employs the revised electron multiple scattering
algorithm along with the physics list mechanism; in GATE,
a physics list is a mandatory user input.

For the beta radionuclide simulations, all beta energy
spectra were obtained from the RADAR website (33). Only
beta spectra were included in radioisotope simulations,
which excludes internal conversion electrons, Auger
electrons, X and gamma rays contribution of the radionu-
clide decay process. Simulation of beta spectra is sufficient
to understand the impact of tissue type on dose point
kernels. However, if one wants to use these kernels in
clinical dosimetry, they should be supplemented with the
missing decay modes.

Results of the beta dose kernel simulations show a
discrepancy of 3.0%, compared to results found in the
literature, FLUKA code (8). This is likely due to inclusion
of Auger electrons, conversion electrons and photons within
the FLUKA simulations. In addition, deviation from results
obtained by Papadimitroulas et al. (11) is likely due to the
fact that they derived the beta spectra from the LBNL
database in their study and implemented an earlier version
of GATE. The observed discrepancy in this study,
compared to GATE version 6.1 (/1), is less than 2.0%.
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FIG. 8. Comparison against literature kernels for *°Y in (panel A) water and (panel B) bone.
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In this work, we did not include X-ray generation during
charged particle transport. Therefore, the resulting dose
point kernels include only the collisional electron stopping
power. Based on the elemental composition of tissues,
GATE calculates the mean excitation energies. The
calculated mean excitation energies for the adipose, red
marrow, water, lung, blood and bone are, respectively,
61.75, 66.21, 68.99, 69.73, 69.80 and 86.00 eV. Note that
these calculated values differ slightly from values reported
in the NIST online database (30). According to the Bethe-
Bloch theory of electron stopping power, the collisional
mass stopping power varies linearly with the ratio of atomic
number and the mass number (Z/A). The Z. values of the
simulated tissues are 11.87 (bone), 7.78 (blood), 7.74
(lung), 7.42 (water), 7.21 (red marrow) and 6.47 (adipose),
respectively. As the Z.; and the mean excitation energy (/)
values do not greatly differ from each other except for bone,
stopping power will have similar values for the same
radionuclide. However, for bone, a slightly larger value of
the mean excitation energy serves to counteract the increase
in average atomic number yielding dose point kernels that
are comparable to water.

Mean percentage deviation of tissue-specific kernels
compared with water was less than 2% for all comparisons.
This result is supported by stopping power theory and
suggests that tissue composition heterogeneity is a second-
order effect with regard to energy deposition. As expected,
tissue density appears to be a more critical variable that
dramatically impacts DPK shapes. This suggests that water
kernels alone can adequately describe energy deposition in
tissue from electron-emitting sources as long as we carefully
account for the densities of tissues such as lung, bone and
adipose when calculating the dose distributions.

CONCLUSION

We report the generation of dose point kernels for
medically-relevant radioisotopes in water, compact bone,
lung, adipose, blood and red marrow. The impact of tissue
types on dose point kernels has been studied using the
GATE version 8.1 Monte Carlo toolkit. Also discussed here
were the major contributing factors that result in uncertain-
ties in dose point kernel simulations. Previously unreported
kernels that have been generated herein include those for
0Y, 88Re, 7P, 8Sr, ®Re, 3*Sm and !""Lu radionuclides,
and 0.015-10 MeV monoenergetic electrons, in blood, red
marrow, lung and adipose. Tissue type had minimal impact
for purposes of dosimetry, suggesting that the use of a
single kernel generated in water may be suitable for voxel-
wise calculations, providing that tissue-specific density
corrections are implemented.

SUPPLEMENTARY INFORMATION

Supplementary Tables S1 and S2 comprise all simulated
monoenergetic electrons and radionuclide beta spectrum
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dose point kernel data, respectively, in different tissue types.
The notations used in the Supplementary Tables are in
agreement with those used in this article.
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