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Targeted radionuclide therapy (TRT) and beta-emitting seeds brachytherapy (BSBT) exploit the characteristics of
energy deposited by beta-emitting radionuclides. Monte Carlo (MC) modelling of electron transport is crucial for
calculations of absorbed dose for TRT and BSBT. However, computer codes capable of providing consistent re-
sults are still limited. Since experimental validations show several difficulties, the estimation of electron dose
point kernel (DPK) is often used to verify the accuracy of different MC codes. In this work, we compared DPK
calculations for various point, isotropic and monoenergetic electron sources and several beta-emitting radio-
isotopes using the codes MCNP, EGSnrc, PENELOPE and TOPAS with different simulation options. The simu-
lations were performed using latest versions of EGSnrc and Penelope, TOPAS version 3.3.1 and MCNP version 6.1
Monte Carlo codes. In our simulations, the geometrical model consists of a point electron source placed at the
center of a water sphere emitting isotropically. The water sphere was divided into 28 shells and the energy
deposition was scored within these shells. The radius of the outermost shell was 1.2Ry, where Rg is the
continuous slowing down approximation (CSDA) range. Five monoenergetic beta sources with energies of 0.05,
0.1, 0.5, 1 and 3 MeV were studied. Six beta-emitting radionuclides were also simulated: Lu-177, Sm-153, Ho-
166, Sr-89, I-131 and Y-90. Monoenergetic electron simulations showed large deviations among the codes,
larger than 13% depending on the electron energy and the distance from the source. In the cases where beta
spectra of radionuclides were simulated, all MC codes showed differences from EGSnrc (used as reference value -
RV) less than 3% within rggg range (radius of the sphere in which 90% of the energy of the spectrum electrons
would be deposited). TOPAS showed results comparable to EGSnrc and PENELOPE. DPK values for 0.1 MeV
monoenergetic electrons, calculated using MCNP6, led to differences higher than +5% from RV despite our
attempts to tune electron transport algorithms and physics parameters.

1. Introduction

Radiation therapies involving the use of beta particle emitting ra-
dionuclides have been widely studied and used. Targeted radionuclide
therapy (TRT) and beta-emitting seeds brachytherapy (BSBT) are the
examples of techniques that take advantage of the characteristic energy
deposition of this type of particle (Gudkov et al., 2015; Khorshidi et al.,
2015; Passos et al., 2016; Sapienza and Willegaignon, 2019).

TRT uses high affinity carriers to selectively deliver radionuclides to
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tumor cells (Gudkov et al., 2015; Wheat et al., 2011). Several types of
carriers have been used, including: antibodies, antigens, liposomes,
carbon nanotubes, aptamers, microspheres, specific molecules and
nanoparticles (Gudkov et al., 2015; Jeon, 2019; Li et al., 2017; Sapienza
and Willegaignon, 2019; Wang et al., 2020a,b). In some cases, the
radionuclide itself has affinity for tumor tissues, for instance the Iodine
and the thyroid gland. Among the beta emitters conjugated to
tumor-seeking macromolecules are Sr-89, Y-90, I-131, Sm-153, Ho-166
and Lu-177 (Gudkov et al., 2015; Jeon, 2019; Li et al., 2017; Sapienza
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and Willegaignon, 2019; Wheat et al., 2011), covering a range of energy
from few keV to 2.28 MeV (ICRP, 2007). Dosimetry is very important in
TRT to determine dose deposition within the tumor volume and organs
at risk, i.e., treatment planning and follow up. In addition, it has an
important role in microdosimetric studies to evaluate the efficiency of a
group radionuclide/carrier based on the dose accumulation pattern
within the cell (Bousis et al., 2010; Hindorf et al., 2005; 2007; Seniwal
et al., 2020a; Syme et al., 2004).

The first reported use of BSBT using seeds produced from biocom-
patible glass was in the early 2000s (Roberto et al., 2003a, b). This
technique is based on the principle of depositing large amounts of en-
ergy in the close proximity (few millimeters) of the radiation source by
high energy beta particles in comparison to the photon emitters
currently used in brachytherapy. Thus, high dose can be deposited
within the tumors and healthy tissues can be spared. Initially, the use of
Sm-153 was proposed (Roberto et al., 2003b). Since then, the use of
different high energy beta emitters such as Pr-142, Y-90, Re-188,
Ho-166 and Sr-89, have been evaluated (Anjomrouz et al., 2016; Cal-
andrino et al., 2007; Hadadi et al., 2013; Hosseini et al., 2013; Jung and
Reece, 2008; Khorshidi et al., 2015; Passos et al., 2016). Clinical studies
of BSBT have not yet been reported. Dosimetric studies for optimization
of seed distribution within tumor volumes and determination of AAPM
TG-60 parameters, including reference dose rate, radial dose function
and anisotropy function, are required for clinical evaluation of BSBT.

Accurate absorbed dose estimation, which usually is based on Monte
Carlo modelling of electron transport, is critical for proper disease
control, minimizing the risk of radiation induced deterministic effects
for both TRT and BSBT. However, computer codes capable of providing
reliable results are still scarce and depend on reliable atomic data and
cross-sections. Several electron transport models have been made
available along the years by different computer code developers such as
Geant4 (Allison et al., 2016), MCNP6 (Goorley et al., 2013), PENELOPE
(Bar6 et al., 1995; Salvat and Fernandez-Varea, 2015), TOPAS (Perl
et al., 2012), EGSnrc (Kawrakow and Rogers, 2013) and PHITS (Sato
et al., 2015).

The MCNP code, up to the MCNPx version, provided the well-known
condensed-history method (CHM) for simulating electron transport
(Pelowitz, 2011). In MCNP6 the single event (SE) algorithm was also
introduced, which considers individual electron collisions (Goorley
et al., 2013). Other Monte Carlo (MC) codes can also use SE algorithms.
PENELOPE (Salvat and Fernandez-Varea, 2015) code can use either
CHM or SE, following a predetermined threshold of energy loss defined
by the user. EGSnrc (Kawrakow and Rogers, 2013) uses a single scat-
tering mode near the boundaries for accurate simulations. EGSnrc is
recognized to be a very stable and electron-transport artifact free code
(Reynaert et al., 2002). In 2012, TOPAS MC code (Perl et al., 2012) was
launched with applications in medical physics. This code is a wrapper
and extension to Geant4, designed with a particular usefulness in proton
transport problems considering all secondary particles including neu-
trons, photons and electrons.

In nuclear medicine, dose point kernel (DPK) is used to verify the
accuracy of dosimetric calculations performed using different computer
codes. For the calculations, a point, isotropic radioactive source placed
at the center of the spherical water phantom and DPK is estimated at
different points along the radius of the phantom. Some studies on
comparison of electron DPK, calculated using different codes, can be
found in literature (Antoni and Bourgois, 2017; Botta et al., 2011; Bousis
et al., 2008; Champion et al., 2014; Kyriakou et al., 2019; Maigne et al.,
2011; Reynaert et al., 2002). However, these usually compare only two
codes (Antoni and Bourgois, 2017; Reynaert et al., 2002). Furthermore,
the electron transport models and algorithms used are now outdated
(Botta et al., 2011; Champion et al., 2014; Reynaert et al., 2002). In this
study, we calculated DPK for various point, isotropic and monoenergetic
electron sources and several radioisotopes with potential use in nuclear
medicine using the codes: MCNP6, EGSnrc, PENELOPE and TOPAS with
different and updated simulation options provided by the updated
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version of the codes. DPK was calculated in spherical shells composed of
water with variable thickness according to electron energy.

2. Materials and methods
2.1. DPK calculation model

The geometrical model consisting of an isotropically emitting, point
electron source placed at the center of a water sphere was used. The
water sphere was divided into 28 shells and the energy deposition was
computed within these shells. The radius of the outermost shell was
1.2R, where Ry is the continuous slowing down approximation (CSDA)
range corresponding to the energy of the monoenergetic electron sour-
ces and the maximum energy of the betas emitted by the radionuclides.
Five monoenergetic beta sources with energies of 0.05, 0.1, 0.5, 1.0 and
3.0 MeV were studied. Six beta-emitting radionuclides were also
investigated: Lu-177, Sm-153, Ho-166, Sr-89, I-131 and Y-90. Fig. 1
shows the model used for the simulations. Table 1 reports the average
energy of each radionuclide along with the Ry and thickness of the
shells. The beta emission spectra of the radionuclides was taken from
RADAR (RADAR, 2002). Electron fluence within the shells were also
obtained for monoenergetic electrons.

Based on the work of Antoni and Bourgois in 2017 (Antoni and
Bourgois, 2017), the dose-point kernel is defined as:

DPK(r) = D(r).4nr* .p.% (€))

where D(r) is the absorbed dose in MeV/g; r is the radial distance in cm;
Ry is the electron CSDA range in cm; p is the water density in g/cm?; E is
the electron energy in MeV.

2.2. Monte Carlo codes

2.2.1. MCNP6

Five different routines were used to calculate DPK using MCNP6.1.
code version (Goorley et al., 2013). First four routines were based on the
default MCNP6 condensed-history algorithm (Landau straggling),
varying the EFAC and ESTEP parameters. EFAC controls the spacing of
the stopping power energy grid, i.e., the step size. ESTEP controls the
number of sub-steps. The sub-step is the level at which the angular
deflection and the production of secondary particles are sampled
(Goorley et al., 2013).

First CH routine, named as CHdd, used default values for ESTEP (3,
for water) and EFAC (0.917). The second routine (CHed) used the
default ESTEP value and EFAC increased to 0.99. In the third routine,
CHee, EFAC was set to 0.99 and ESTEP parameter was increased ac-
cording to the methodology described in MCNP5 manual (X-5 Monte

+ Point source

sphere

B shell

Fig. 1. Geometric model for the simulation. A water sphere composed of
multiple shells, varying in radius, where DPK is calculated.
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Table 1
Energy, Ry and, shell thickness for the cases simulated in this work.
Electron Simulated Avg./Max. Energies Respa Shell Thickness
(MeV) (cm) (cm)
monoenergetic 0.05/0.05 0.0043 0.0000864
0.1/0.1 0.0143 0.0002862
0.5/0.5 0.1766 0.0035320
1/1 0.4367 0.0087340
3/3 1.5140 0.0302800
Spectrum Lu- 0.133/0.498 0.1755 0.003511
177
1-131 0.182/0.807 0.3363 0.006725
Sm- 0.228/0.808 0.3369 0.006739
153
Sr-89 0.584/1.492 0.7048 0.014097
Ho- 0.668/1.854 0.8994 0.017987
166
Y-90 0.935/2.280 1.1289 0.022577

Carlo Team, 2008) such that an electron should make at least ten
sub-steps in any shell it enters. The fourth routine, CHee+, maintained
EFAC = 0.99 and the methodology used to calculate ESTEP resulted in
values an order of magnitude higher than ones that were obtained for
CHee mode. The details of the methodology used to calculate ESTEP and
values obtained in each case are presented in the supplementary file.

The fifth routine, named as SE, uses the single event electron trans-
port algorithm. Such an algorithm, completely different from CH elec-
tron transport, is based on direct sampling of microscopic data and is
designed to improve the accuracy of low-energy electron transport
(Hughes, 2014).

For all the five routines, cross sections from ENDF/B-VI release 8
photon/electron-atomic and relaxation data for H and O were used. The
energy deposition by electrons within the target volumes (the 28 shells)
were scored using Tally *F8. The DPKs were calculated for all five
routines (described above). The results of the routine which showed the
best match with the reference value (see section 2.3) are plotted in the
graphics. The remaining results are included in the supplementary file.

2.2.2. TOPAS

TOPAS (Perl et al., 2012) is a wrapper and extension of the GEANT4
(Allison et al., 2016) Monte Carlo code. It is specialized for simulation of
radiotherapy problems. The code allows modeling the LINACs heads and
geometry of patients based on tomography (CT) images. It can also
incorporate movements, related to the gantry and the geometry of the
patient, to perform 4D calculations. Initially, this code was designed for
use in proton therapy, but today its application extends to all radiation
therapies, and there are also drafts of future versions for including
radiobiology parameters and calculations. The simulations were per-
formed using version 3.1.1. of TOPAS, default modular physics list and
the energy cut off for electrons and photons was set to 50 eV.

2.2.3. PENELOPE

PENELOPE (Salvat and Fernandez-Varea, 2015) MC code allows the
transport of electrons, positrons and photons with energy from a few
hundred eV to about 1 GeV, in complex geometries and materials of
varied chemistry composition. PenEasy (Sempau et al., 2011) is a
general-purpose main program for PENELOPE. It includes a set of source
models, tallies and variance-reduction techniques that are invoked from
a structured code. PENELOPE is a class II code, i.e., positron and electron
interactions are simulated using a mixed approach. The event-by-event
detailed simulation is performed for hard events and the
condensed-history based simulation approach is used for soft in-
teractions. In the present work, the PENELOPE 2018 version associated
with PenEasy 2019-09-26 code version was used. The energy cut off for
electrons, positrons and photons was set to 50 eV and the simulation
parameters that were used for electron and positron transport for
condensed-history are C1 = C2 = 0.1, WCC = WCR = 50 and DSMAX =
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1030.

2.2.4. EGSnrc

EGSnrc (Kawrakow and Rogers, 2013) is an updated version of the
Monte Carlo software Electron Gamma Shower (EGS) for clinical pur-
poses (Fonseca et al., 2020; Seniwal et al., 2019, 2020b). It can simulate
the transport of electrons, positrons and photons in the energy range of
1 keV to 1 GeV, within the homogeneous medium. Mixed approach is
used to simulate the transport of electrons. Interactions (such as hard
bremsstrahlung, hard inelastic collisions, and annihilation) with energy
losses greater than the threshold are treated by conventional random
sampling. Whereas, sub-threshold interactions such as soft bremsstrah-
lung emission, soft inelastic collision and elastic scattering are subjected
to grouping (Kawrakow and Rogers, 2013). To accurately simulate the
transport of electrons in heterogeneous medium or near the interfaces
the boundary crossing algorithm (BCA) is used. In this work, the default
EXACT algorithm was used as BCA and skin depth for BCA was set to 3.
This algorithm activates single scattering (SS) mode to simulate the
transport of electrons while crossing the boundaries. The distance from
the boundary at which the SS mode is activated is resolved by the ‘Skin
depth for BCA’ parameter. The energy cut off for electron transport was
set to 1 keV.

2.3. Code comparison and data analysis

The DPK curves obtained with the EGSnrc MC code were considered
as reference values (RV) in order to facilitate the comparison among the
codes. A gray area comprising +3% interval of the EGSnrc curves was
included in each graphic.

Simulation relative errors in the outermost shells could be higher
than 3%. Thus, the comparisons were restricted from DPK values in the
0-0.9R( range in the monoenergetic cases. For radionuclide spectra
cases, we compared the DPK data up to rggg value, which corresponds to
the radius of the sphere in which 90% of the energy of the spectrum
electrons would be deposited.

3. Results and discussion

DPK curves obtained for monoenergetic, point and isotropic electron
sources with energy 0.05, 0.1, 0.5, 1 and 3 MeV are shown in Fig. 2. The
comparison of the codes was restricted to the DPK values in the 0.9Rg
range (see section 2.3).

PENELOPE data was found in the best agreement with the EGSnrc
DPK values (RV). For all points lower than 0.65 R, the differences are
within +3% range for all electron energies. TOPAS code also showed a
good agreement with RV for 0.1-1.0 MeV electrons. However, TOPAS
DPK values for 0.05 MeV and 3.0 MeV electrons showed a greater
number of points out of the +3% range. All codes agree with RV within
+5%, except MCNP6 for 0.1 MeV electrons and TOPAS for 3.0 MeV
electrons.

The results obtained with MCNP6 code varied considerably
depending on the simulation parameters (as can be seen in supple-
mentary file). SE routine matches very well with the RV (within +5%)
for 0.05 MeV electrons, but for higher energies such as 0.1, 0.5, 1.0 and
3.0 MeV, the discrepancies increase with increase in the source energy
(>+ 10%; > + 50%; > + 90%; > + 130%; respectively). This behavior
was also reported by Antoni and Bourgois (Antoni and Bourgois, 2017)
and Poskus (Poskus, 2016). According to Poskus (2016) these discrep-
ancies are caused by the lack of data for angular distribution of elastic
scattering in the ENBF/B library. In this case, the linear interpolation of
the angular distribution table could cause overestimation of electron
backscattering process resulting in a backward shift of the DPK curve.

MCNP6 DPK results obtained using the condensed-history method
(CHM) algorithm showed good agreement with EGSnrc, TOPAS and
PENELOPE for 0.5, 1.0 and 3.0 MeV monoenergetic electron energies.
All differences were less than +7%, +6% and +5% for these energies,
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Fig. 2. DPK curves for monoenergetic electron point sources of: a) 0.05, b) 0.1; ¢) 0.5; d) 1 and e) 3 MeV. The gray area comprises +3% of the EGSnrc curves.

respectively, except for 3.0 MeV using CHee+ (>20%). Values closer to
RV were obtained with CHee routine for 0.5 MeV (4.0% to -1.4%). For
1.0 Mev and 3.0 MeV electrons, CHed routine obtained values closer to
RV: (1. 5% to -2.0%) and (1.1% to -1.1%) respectively. For lower en-
ergies (such as 0.05 and 0.1 MeV), CH algorithm diverges considerably
near the DPK peak (as shown in the supplementary file).

Considering only the CH routines, the increase of ESTEP values and
EFAC resulted in DPK closer to RV for 0.05 MeV (CHee), 0.1 MeV
(CHee+) and 0.5 MeV (CHee or CHee+). Although, for the two first
electron energies, the Single-Event algorithm is preferable. Increasing
ESTEP and EFAC for 1.0 MeV and 3.0 MeV electrons did not improve the
results and considerably increased the computational time. In this re-
gard, the CHdd mode had the lowest computational times per particle
history. CHee and CHee + had, on average, computational times
approximately 12x and 85x higher than CHdd, respectively, as can be
seen in the supplementary file.

Still about MCNP6, none of the MCNP routines for electron transport,
tested for the geometry proposed in this work, show results within +5%
of RV for 0.1 MeV monoenergetic electrons. The SE algorithm presented
DPK results closer to the RV than CH algorithms. However, many points
were left out of the EGSnrc +3% range (Fig. 2b). Thus it is important to
tune of the electron transport parameters for 0.1 MeV monoenergetic
electrons. In fact, for 0.1 MeV electrons, we tested three more routines
keeping default value for EFAC and ESTEP parameter was varied.
However, the attempts to tune the electrons transport parameters failed
to obtain DPK values closer to RV than SE routine. Details of the
methodology and results of these tests are included in the supplementary
file. The effect of change in the energy cutoff value was also analyzed for
the SE algorithm. The results (also added to the supplementary file)
show that only electrons with energy below 20 keV could show some
improvement with the lowering of cutoff value.

Discrepancies in the DPK curves found here can be better understood

by analyzing the corresponding electron fluence for each case. Fig. 3a to
e presents the electron fluence curves obtained for the monoenergetic
electron point sources with the different codes and methods used.

The fluence curves obtained with MCNP6 (CHed and CHee+) and
PENELOPE agreed well with RV along the entire radius of the spherical
phantom. In general, the fluence curves obtained with EGSnrc, MCNP6
and PENELOPE showed faster drops than those obtained with TOPAS.
Indeed, TOPAS fluence results demonstrated good agreement with other
MC codes along the radius of the sphere, up to a certain point of the
CSDA range (such as 0.8-1.0 Ry) for all source energies. An increase in
deviation is observed with an increase in the electron energy. For 3 MeV
electrons, the fluence curve starts diverging at 0.8 Ry. It should be noted
that for TOPAS the energy cutoff of 50 eV was used and 3.0 MeV is the
only monoenergetic electron case where TOPAS showed a difference
higher than +5% from the RV in the 0.9 Ry range. TOPAS is a wrapper of
Geant4 and it also includes Geant4-DNA facilities as well. So, one
possible reason for this deviation can be that TOPAS performed detailed
calculations using track structure facilities of Geant4-DNA. Whereas,
other MC codes, MCNP6, EGSnrc and PENELOPE are condensed history
based code and showed sharp drop in the fluence curves. Also, TOPAS
can use a great number of physics constructors options, provided by
GEANT4 toolkit, to gather the list of physics processes, particles and
physics models desired for the simulation (TOPAS MC, 2016). Thus,
fluence output can be tuned, especially for 3.0 MeV electrons, using
different physics constructors.

The results calculated by MCNP6 using SE mode showed increasing
discrepant values for 0.5 MeV, 1.0 MeV and 3.0 MeV energies. The
fluence curves start diverging at 0.8, 0.6 and 0.1 of the CSDA range, for
0.5MeV, 1 MeV and 3 MeV electrons respectively. The faster drop in the
MCNP6 SE fluence results may be responsible for the DPK curve shift to
the left, confirming the overestimation of electron backscattering, which
is evidenced in SE mode.
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The DPK curves obtained for Lu-177, I-131, Sm-153, Sr-89, Ho-166
and Y-90 are presented in Fig. 4. Lu-177, I-131 and Sm-153 are the ra-
dionuclides with lowest average energies (0.133 MeV, 0.182 MeV and
0.228 MeV, respectively). Good agreement between all MC codes was
observed for the obtained DPK curves, including MCNP6 CH and SE
routines. No MC code showed differences greater than 5% in comparison
to the reference values obtained for EGSnrc. Results obtained from
TOPAS, PENELOPE and MCNP6 routines CHdd and CHee+ were within
+3% deviation, in the rggg range, compared to the EGSnrc curves. Chdd
routine showed the best MCNP6 correlation with RV (differences < +
2%).

Sr-89, Ho-166 and Y-90 are the radionuclides with highest mean
energy (0.584 MeV, 0.668 MeV and 0.935 MeV, respectively). All codes,
except MCNP6 CHee+ and SE routine, presented discrepancies lower
than 5% with respect to EGSnrc reference values. The DPK curves
computed using MCNP6 CHdd, CHed, CHee, TOPAS and Penelope were
within +3% of the EGSnrc curves, for these three radionuclides in the
rggo range. The best correlation with RV (differences < + 1%) for
MCNP6 was observed with CHed routine. Huge discrepancies (even
higher than 70%) were observed for the results obtained with MCNP6 SE
algorithm and it should not be used with higher energy radionuclides.

The increase in ESTEP value (CHee and CHee+) did not calculate the
DPK values closer to RV for any radionuclide spectra simulations. The
only improvement in DPK calculations observed was for 0.5 keV mon-
oenergetic electrons using CHee and CHee+. The MCNP Manual does
not make it clear that an excessive increase in ESTEP, as in CHee +
simulations, should be avoided. Using it, for the best case (0.5 keV
electrons) CHee and CHee + showed similar differences from RV. Such

fact, associated with the high computational time and the possibility of
generating instabilities in the CH algorithm seems to discourage this
practice of excessively increasing ESTEP value.

DPK results for beta emitter radionuclides showed lower variations
among codes than DPK results obtained for the monoenergetic electrons.
Wu and coworkers found similar results using MCNP5 and FLUKA (Wu
et al., 2012). Each calculated point in the DPK curve represents the ratio
of dose in a sphere shell relative to the dose in the entire sphere of radius
Ro. For monoenergetic sources all curves showed the same pattern. The
most of the energy is deposited within the spherical region corre-
sponding to approximately 60% of its radius (CSDA range) and doses in
the shells beyond this point decrease rapidly. However, in realistic cases,
i.e., when radionuclides with their energy emission spectra are simu-
lated, DPK results present smoother curves along the Ry radius, without
the well-defined peak of energy deposition. MC codes present small
differences in these cases and consistent DPK results were observed.
Thus, studies related target radionuclide therapy and beta-emitting
seeds brachytherapy using different MC codes and radionuclides stud-
ied here should present comparable results. It is very important due to
the difficulty in obtaining experimental results.

As far as we know, no study has presented TOPAS DPK values for
monoenergetic electrons and beta spectra, comparing the results with
other codes. TOPAS present results in good agreement with EGSnrc and
the other codes evaluated, proven to be reliable for this type of simu-
lations. It should be remembered that, in this study, the default
configuration for electron transport was used in simulations with the
TOPAS code. Over the past five years GEANT-DNA electron transport
was greatly improved (Kyriakou et al., 2015, 2016) and these
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Fig. 4. DPK curves obtained with different codes for 6 radionuclides: a) Lu-177, b) I-131, ¢) Sm-153, d) Sr-89, e) Ho-166 and f) Y-90.

developments, in terms of physics constructors, can be applied for tun-
ing TOPAS simulations. In this way, future assessments can be made to
investigate if some of these new options, in terms of physics construc-
tors, can further improve the performance of this code, especially for
0.05 MeV and 3.0 MeV.

4. Conclusions

Experimental validations for electron energy deposition are very
difficult, especially for the region near to the source, small volumes and
low energy electrons. Benchmarking, such as the DPK comparison, re-
mains a good option to evaluate the electron energy transport of
different Monte Carlo codes.

In this study, the results obtained in the simulations using mono-
energetic electron sources ranging from 0.05 up to 3.0 MeV, demon-
strated that EGSnrc and PENELOPE MC codes had good agreement in the
0.9 Ry range. The 0.05 MeV-3.0 MeV energy range cover the majority of
radionuclides energy spectra in nuclear medicine. TOPAS also presented
results compatible with EGSnrc and PENELOPE, especially for electrons
with energies of 0.05 MeV-1.0 MeV. For 3.0 MeV, only the last shell in
0.9 Rp range presented the differences higher than 10%; this can be
attributed to the track structure nature of the electron transport used in
TOPAS simulations. This fact is of lesser concern, since more than 90%
of electron energy was already deposited before this shell and beta
emissions in 3.0 MeV range are considerably rare.

The MCNP6 code showed results compatible with the other codes for

0.05 MeV, using the SE transport algorithm. The same was observed for
energy sources of 0.5 MeV, 1.0 MeV and 3.0 MeV when using condensed-
history routines (CHee to 0.5 MeV and CHed for both 1.0 and 3.0 MeV).
The choice of the electron transport algorithm was found important to
obtain the best correlation with EGSnrc DPK values when simulating
monoenergetic electrons. DPK values for 0.1 MeV monoenergetic elec-
trons, calculated using MCNP6, found deviating higher than +5% from
RV despite the attempts made to tune electron transport algorithms and
physic parameters. Thus, further approaches regarding tuning of
MCNP6 electron transport parameters for 0.1 MeV monoenergetic
electrons would be desirable in the future.

All MC codes studied in this work could provide DPK values with
differences less than +3% in the rggy range, for all simulated beta-
emitting radionuclides (Lu-177, I-131, Sm-153, Sr-89, Ho-166 and Y-
90). DPK results obtained with MCNP6 CH routines show better corre-
lation with other codes for low energy beta-emitters (CHdd) as well as to
high energy beta-emitters (CHed).
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