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This study compares the PRIMO and GATE Monte Carlo simulation toolkits for modeling
photon beams from a TrueBeam STx Linac used in radiation therapy. Various beam configu-
rations were evaluated against Varian's Golden Beam Data using the Gamma Index method.
Both toolkits demonstrated good agreement overall, with GATE generally achieving higher
gamma pass rates for percent depth dose curves than PRIMO.
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INTRODUCTION field of linear accelerator (Linac) beam simulation,

Monte Carlo simulation is a mathematical tech-
nique to model and analyze complex scenarios involv-
ing uncertain events or systems. It involves repeatedly
sampling random variables within specified parame-
ters to simulate various possible outcomes. Unlike de-
terministic models, which rely on fixed input values,
Monte Carlo simulations consider ranges of values to
predict outcomes, providing insights into the likeli-
hood of different scenarios [1].

The Monte Carlo method is widely utilized in ra-
diotherapy for various purposes and holds significant
importance by assisting in device simulations and do-
simetry. It aids in evaluating physical properties, simu-
lating radiation transport, and studying parameters
that are challenging to measure experimentally [2].
Several simulation codes based on Monte Carlo meth-
ods are utilized in radiation therapy for dose calcula-
tion, treatment planning, and dosimetry. Examples in-
clude EGSnrc, Geant4, GATE, PENELOP, PRIMO,
TOPAS, MCNP, and PHITS [3]. These diverse codes
are available and actively supported for clinical or re-
search applications [4]. Many studies on applying
Monte Carlo simulation have been conducted, with
several results published in recent years [5-7]. In the
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there have also been some notable studies [8, 9].

The PRIMO is a computer software designed for
simulating clinical linear accelerators and estimating
absorbed dose distributions in phantom and patients.
Utilizing Monte Carlo methods, PRIMO can simulate
radiation therapy treatment plans, including inten-
sity-modulated radiotherapy (IMRT) and volumet-
ric-modulated arc therapy (VMAT) plans. The soft-
ware supports importing DICOM RT Structure and
Plan files for simulating and evaluating clinical treat-
ment plans. The PRIMO, based on the PENELOPE
computational engine, models electron, and photon
transport using a mixed technique for electron and
positron collisions. With a user-friendly graphical in-
terface, PRIMO facilitates configuring simulations
and analyzing results, providing researchers and clini-
cians with a convenient environment for assessing
dose distributions, verifying treatment plans, and opti-
mizing radiation therapy techniques [10, 11].

The GATE (Geant4 Application for Tomographic
Emission) is a Geant4-based simulation toolkit known
for its well-validated physics models, sophisticated ge-
ometry description, and powerful visualization capabili-
ties designed to simulate the behavior of particles as they
pass through matter. The GATE offered valuable contri-
butions to photon beam modeling of radiotherapy linear
accelerators, dose calculations, treatment planning, and
research [12]. The GATE is built and developed using a
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layer structure, including the core Geant4 simulation en-
gine and three other layers: framework, application
classes, and user interface.

Both PRIMO and GATE toolkits are widely uti-
lized and highly accurate for radiotherapy dose calcu-
lation [13]. The PRIMO features a user-friendly inter-
face tailored specifically for radiation therapy
applications, while GATE offers advanced physical
models and geometric descriptions, potentially en-
abling more comprehensive simulations.

The TrueBeam STx, an upgraded generation of the
TrueBeam series, is an advanced linear accelerator sys-
tem (Varian Medical Systems, USA) used in radiation
therapy. It is particularly suitable for treating
hard-to-reach tumors. The system offers a wide range of
treatment modalities, including stereotactic radiosurgery
(SRS), stereotactic body radiation therapy (SBRT),
IMRT, VMAT, and image-guided radiation therapy
(IGRT) [14]. The TrueBeam STx Linac has a multi-en-
ergy configuration that delivers photon and electron
beams at different energy levels. In addition, apart from
the flattened filtered (FF) photon beam, the Linac also
has the flattened filtered-free (FFF) photon beam mode.
Golden Beam Data (GBD) of the Linac model, including
percentage depth dose (PDD) and profile of photon beam
data, were collected and standardized from hundreds of
TrueBeam worldwide.

Some studies have utilized GATE or PRIMO tools
independently to model photon beams of Linac in gen-
eral, including the TrueBeam STx. Additionally, several
comparative studies have analyzed and compared these
two toolkits for simulating photon beams on a radiother-
apy linear accelerator. Aamri ez al. [ 15] simulated a 6 MV
FFF photon beam of a TrueBeam using the PRIMO and
EGSnrc code, comparing the result of PDD and
cross-beam profiles. Similarly, Sadoughi et a/. [16] com-
pared the PDD and beam profiles of 6 MV FF Elekta
Compact Linac using electromagnetic (EM) physics
packages of GATE versus Monte Carlo N Particle eX-
tended (MCNPX) in simulation. However, to date, no
studies have compared photon beam simulation results
of the TrueBeam STx Linac between the two toolkits of
PRIMO and GATE.

In this study, the accuracy of the PRIMO and GATE
simulation toolkits is compared by evaluating their simu-
lation results of PDD and cross-profiles of TrueBeam STx
Linac photon beams in comparison with GDB.

MATERIALS AND METHODS
Simulation setup

The TrueBeam STx Linac photon beams are mod-
eled, including four FF beams with energies of 6 MV,
8 MV, 10 MV, and 15 MV, and two FFF beams with ener-
gies of 6 MV and 10 MV.

The simulation was conducted with a field size of
10 cm % 10 cm and a source surface distance (SSD) of

100 cm. The PDD profiles were recorded on the central
axis of the beam, while cross profiles were obtained ata
depth of 10 cm in a virtual water phantom. The voxel res-
olution for dose recording was setto 2 cm % 2 cm x 2 cm.
The phantom size used for dose calculation was 30 cm
x30cm x35cm (x Xy Xz).

For convenience, phase-space files located up-
stream of the secondary collimator were utilized.
These files, provided by the manufacturer Varian via
the MyVarian website, are written in TAEA-format
codes and can be simulated using PRIMO or GATE
[15].

THE PRIMO simulation toolkit

The PRIMO was installed on the Windows oper-
ating system and incorporates a detailed model for
simulating linear accelerators. It integrates numerous
Linac models commonly used worldwide by manufac-
turers such as Varian and Elekta. The PRIMO com-
bines these models with source models, tallies, tech-
niques for reducing variance, and the ability to
evaluate both, quadric and voxelized geometries [11].
These Linac series are either pre-built in terms of geo-
metric structure and materials or are hypothetically
constructed according to design specifications. Many
studies have validated the accuracy of dose distribu-
tion produced by these Linac models, demonstrating
highly accurate simulation results compared to experi-
mental data. As a result, users only need to make sim-
ple declarations on the software interface to initiate a
simulation.

This study utilizes PRIMO version 0.3.64.1814
with the physical PENELOP low-energy electromag-
netic model, which incorporates various processes to
simulate the interaction and transport of electrons,
positrons, and photons in different materials. These
processes include Rayleigh scattering, Compton scat-
tering, photoelectric effect, pair production, ioniza-
tion, bremsstrahlung, and positron annihilation [17].

The Varian CLinac 2100 model is utilized to derive
the FF beam of the TrueBeam STx Linac, whereas the
FakeBeam model is employed for the FFF beams.

The simulation was executed on a Dell Precision
351 computer system with an Intel (R) Core (TM)
i7-10875H CPU, featuring 8 cores, 16 logical proces-
sors, and 32 GB RAM.

THE GATE simulation toolkit

The GATE is an open-source software package
designed to run on the LINUX operating system. This
study utilizes GATE version v9.1, which operates on
Geant4.10.7, and employs the physical interaction
model G4EmStandardPhysics_option3 [18-20].

The G4EmStandardPhysics_option3 model en-
compasses various physical interaction processes for
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simulating electromagnetic interactions of various
types of particles (including gamma, leptons, mesons,
baryons, and ions) with matter, as well as electromag-
netic interactions for gamma and electrons; nuclear
stopping, multiple scattering, and bremsstrahlung and
pair production for muons and hadrons [20]. The
model accurately accounts for energy deposition, scat-
tering, and secondary particles generation, precisely
simulating particle behavior in detectors or materials
[21].

For this study, GATE was installed on Ubuntu
18.04, running on a Dell Precision M4700 computer
system featuring an Intel (R) Core (TM) i7-3740QM
CPU with 4 cores, 8 logical processors, and 16 GB
RAM.

Anumber of events of 2-10° were set in the code.
Variance reduction techniques were employed, and
photon and electron cut-off energies were adjusted to
0.05MeV and 0.1 MeV, respectively. Additionally, ef-
forts were made to maintain the statistical uncertainty
of Monte Carlo results at less than 1 %.

Golden beam data

Manufacturers typically provide GBD for spe-
cific Linac models. The GBD refers to a set of bench-
mark measurements or reference data representing the
ideal or expected performance of a Linac's photon
beams. These data are usually obtained during the
commissioning process of the Linac and serve as a
standard for comparison in quality assurance and
treatment planning systems [22].

The GBD encompasses parameters such as PDD
curves, output factors, and profiles. These parameters
characterize the energy spectrum, beam quality, and
dose distribution of the photon beams produced by the
Linac. Crucially, these data ensure dosimetry accuracy
in radiation therapy treatments [23].

Gamma index method

The dose distribution of the PDD and beam
cross-profiles was simulated and compared to the
GBD using the Gamma Index method. The Gamma
Index uses two separate criteria: the dose difference
(DD) at a certain point and the distance-to-agreement
(DTA) value that was expressed in eq. (1) [24]

Ax*  AD?
y =+ 22 (1)
DTA= DD
where Ax is the distance between the reference point
and the closest calculated point and AD — the dose dif-

ference. In this work, a code DEV++C-based run to
evaluate the Gamma index, the passing criterion used

1 %/1 mm, 2 %/2 mm, and 3 %/3 mm for the dose dif-
ference and the distance to agreement, respectively.
The percentage of pass points evaluates the final result
passed the test gamma pass rate (GPR).

Relative dose difference (dd) is also used to com-
pare the simulation results to GDB, donated by eq. (2)

dd = 1()().[DMC_DGBDJ [%] ()
GBD

where dd is the deviations, expressed as %, Dyc — the
calculated dose by Monte Carlo (PRIMO or GATE) at
a particular point, and Dgpp — the dose from GBD at
the same point in the phantom.

RESULTS AND DISCUSSION

Compare the percentage
depth dose

Figure 1 illustrates the photon beam PDD simu-
lation results using the PRIMO and GATE toolkits,
compared to GBD. All PDD distribution curves were
normalized to the depth of the maximum dose (d,,,,,)-
Table | provides a comprehensive comparison of the
simulation results obtained from PRIMO and GATE
codes with the GBD. The results reveal nuanced dif-
ferences in the performance of the two Monte Carlo
toolkits under vs. evaluation criteria. Notably, when
assessed using the widely adopted 3 %/3 mm criterion,
the GPR of GATE surpasses that of PRIMO across
most energy levels and beam configurations. Specifi-
cally, GATE demonstrates a superior performance
with a pass rate reaching 100 % for certain beam con-
figurations, such as 8 MV FF and 10 MV FFF, com-
pared to PRIMO's slightly lower pass rate of 99 % for
10 MV FFF. However, a shift in perspective emerges
when employing the stricter 1 %/1 mm criterion,
wherein GATE's overall GPR tends to decline, partic-
ularly evident at higher energy levels where it falls be-
low 90 %, exemplified by the 15 MV FF energy level
where GATE only achieves an 87 % pass rate.

On the other hand, by adopting the more strin-
gent criterion recommended by the American Associ-
ation of Physicists in Medicine (AAPM) at 2 %/2 mm,
both PRIMO and GATE exhibit comparable perfor-
mance, with GPR exceeding 95 % across all PDD and
cross-profile comparisons. This observation under-
scores the sensitivity of GPR to evaluation criteria,
highlighting the importance of selecting appropriate
criteria based on the clinical context and desired level
of precision.

Furthermore, the detailed analysis depicted in
fig. 1 sheds light on the dd observed at various depths,
revealing a pronounced discrepancy, particularly at
the surface and depths around 30 cm. This phenome-
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Figure 1. Comparison of the PDD simulation results of the TrueBeam STx photon beam using PRIMO and GATE code with GBD

Table 1. The GPR in comparison of PDD between
PRIMO, GATE simulations with GBD for the TrueBeam
STx photon beam

GPR [%]
Photon beams PDD 15, 3" T 04/2 mm 1 %/1 mm
6 MV FF 98 98 97
6 MV FFF 98 98 97
PRIMO vs.| 8 MV FF 96 96 95
GBD 10 MV FF 97 96 95
10 MV FFF 99 99 94
15 MV FF 97 96 96
6 MV FF 98 98 93
6 MV FFF 98 98 95
GATE vs. 8 MV FF 100 98 95
GBD 10 MV FF 98 97 94
10 MV FFF 100 99 96
15 MV FF 99 98 87

non resonates with findings from previous studies,
such as those by Mesbahi A. ef al. [25], which under-
score the challenges encountered in accurately model-
ing dose distributions, especially at narrow depths.
These findings emphasize the need for continuous re-
finement and validation of Monte Carlo simulation
methodologies to ensure their reliability and accuracy
in clinical practice.

Compare the cross-profile

Figure 2 illustrates the cross-profile simulation results
using the PRIMO and GATE toolkits, compared to GBD.
Table 2 provides a comprehensive overview of
the GPR results for the cross-profiles obtained from
PRIMO and GATE simulations, juxtaposed against
GBD. Notably, GATE demonstrates a slightly higher
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Figure 2. Comparison of the cross-profile simulation results of the TrueBeam STx photon beam using PRIMO

and GATE code with GBD

Table 2. GPR in comparison of cross-profile between
PRIMO, GATE simulations with GBD for the TrueBeam
STx photon beam

GPR [%]

Photon beams PDD 17 7 T 00/2 mm] 1 %/1 mm

6 MV FF 92 90 85

6 MV FFF 94 92 87

PRIMO vs.| 8 MV FF 98 97 91

GBD 10 MV FF 94 92 87

10 MV FFF 95 93 87

15 MV FF 91 90 86

6 MV FF 94 93 92

6 MV FFF 94 93 87

GATE vs. | 8 MV FF 99 97 92

GBD 10 MV FF 97 96 93

10 MV FEF 100 97 94

15 MV FF 98 95 92

GPR compared to PRIMO across all three passing cri-
teria evaluated. Under the 3 %/3 mm and 2 %/2 mm
criteria, the GPR for all beam configurations exceeds
90 %, indicating a robust agreement between the simu-
lated cross profiles and the reference GBD. However,
when employing the stricter 1 %/1 mm criterion, the
GPR ratios for certain beams, particularly those simu-
lated by PRIMO, fall below the 90 % threshold.

A potential contributing factor to these discrep-
ancies, especially notable in PRIMO's results, could
be the reduced number of particles in the phase space
file for the 6 MV FF beam configuration, leading to in-
creased statistical uncertainty. Consequently, the ob-
served relative error between the simulation toolkits
and GBD becomes more pronounced, particularly at
the edges of the beams and in the out-of-field regions.

These findings underscore the importance of
meticulous attention to detail and careful consider-
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ation of statistical uncertainties when interpreting sim-
ulation results, especially in regions susceptible to
higher uncertainties. Further refinement and optimiza-
tion of simulation parameters and methodologies are
warranted to mitigate these discrepancies and enhance
the accuracy and reliability of cross-profile simula-
tions for clinical applications.

Compared with findings from other studies, our
investigation reveals a notable fluctuation in the
agreement between simulation and experimental data,
highlighting the inherent variability in Monte Carlo
simulations and the sensitivity of results to simulation
parameters and methodologies. For instance, Efendi et
al. [26] simulated a 6 MV FF photon beam of the
TrueBeam STx using the PRIMO code with stringent
acceptance criteria of 1 %/1 mm. Their study reported
a passing criterion of 98.53 % for 10 cm % 10 cm open
field PDD, with the passing criterion for profiles at
10 cm depth slightly lower at 88.96 %. Similarly, Ro-
driguez et al. [27] utilized the PRIMO code to simulate
6 MV, 8 MV, 10 MV, and 15 MV FF beams of the
TrueBeam, achieving a GPR exceeding 99 % for all
beams with a 2 %/2 mm criterion when compared to
GBD.

Additionally, Belosi ef al. [28] conducted a com-
parative analysis of 6 MV and 10 MV FFF beams using
the PRIMO code against experimental data, reporting
gamma agreements of 98.8 % and 96.3 % for 6 MV and
10 MV FFF beams, respectively, with a 1 %/1 mm cri-
terion. Furthermore, Ton ef al. [29] simulated 6 MV FF
beams of the TrueBeam STx Linac and compared them
to experimental data, achieving a GPR greater than 98 %
and 94 % for PDD and profiles, respectively, with a
2 %/2 mm criterion and a 10 cm x 10 cm field size at a
depth of 1.5 cm.

These findings collectively underscore the vari-
ability in simulation outcomes across different studies,
emphasizing the importance of thorough validation
and careful consideration of simulation parameters to
ensure accurate and reliable results in radiation ther-
apy treatment planning and quality assurance prac-
tices.

The accuracy of Monte Carlo simulations in ra-
diotherapy hinges upon numerous factors, each play-
ing a crucial role in determining the fidelity of the sim-
ulated dose distributions. These factors include the
characteristics of the primary beam, encompassing pa-
rameters such as energy spectrum, beam profile, and
angular distribution. Additionally, the choice of phys-
ics models governing particle interactions with matter,
as well as the fidelity of the Linac head geometry rep-
resentation, profoundly impacts simulation accuracy.
The effectiveness of variance reduction methods em-
ployed to optimize computational efficiency while
preserving accuracy is also paramount. Moreover, fac-
tors such as tissue heterogeneities, patient anatomy,
and the presence of treatment accessories further con-
tribute to the complexity of the simulation process and

its accuracy. Thus, meticulous attention to detail and
comprehensive validation against experimental data
are essential to ensure the reliability and precision of
Monte Carlo simulations in guiding radiation therapy
treatment planning and quality assurance protocols.

In this work, it's imperative to note that the same
Phase-Space Files (PSF) were utilized as input data for
both Monte Carlo codes. By ensuring consistency in
the input data, particularly about the primary beam
characteristics, any observed differences in simulation
results between the two codes cannot be attributed to
variations in the initial beam properties. This approach
helps isolate the impact of other factors, such as vari-
ance reduction methods, physics models, and Linac
head geometry representations, on the differences ob-
served in the simulation results. By employing identi-
cal PSF for both codes, the focus shifts towards under-
standing the influence of these factors on simulation
accuracy and consistency, facilitating a more robust
comparison and interpretation of the simulation
outcomes.

In contrast to GATE, where users must manually
construct and declare input data for the Linac head geom-
etry and material structure components through com-
mands, PRIMO provides pre-built and verified informa-
tion readily available to users. This crucial distinction
reduces the uncertainty stemming from subjective rea-
sons in building the geometric structure and declaring the
material components of the Linac head, potentially mini-
mizing discrepancies in simulation results. By leverag-
ing pre-existing and validated geometric and material
data in PRIMO, users can benefit from enhanced consis-
tency and reliability in simulation outcomes. This
streamlined approach in PRIMO not only simplifies the
simulation process but also contributes to reducing the
likelihood of errors associated with manual data con-
struction and declaration. Consequently, PRIMO offers a
more user-friendly and reliable solution for accurately
modeling Linac head geometry and material structure
components in Monte Carlo simulations, by facilitating
robust and consistent dose calculations in radiotherapy
planning and quality assurance practices.

The GATE utilizes the standard EM package of
Geant4, namely the G4EmStandardPhysics physics list,
originally designed for high-energy physics simula-
tions, covering the energy range from 1 keV to 10 PeV
[20]. In contrast, PRIMO employs the physics models
of PENELOP, optimized specifically for low-energy
electromagnetic physics simulations, with validation
spanning the energy range of 250 eV to 100 GeV [30].
This distinction in physics packages is underscored by
the findings of Sadoughi ef al. [16] who compared the
Standard and Penelope EM physics packages of Geant4
in the simulation of a 6 MV photon Elekta Compact
Linac, revealing significant discrepancies in the simula-
tion results.

Furthermore, in PRIMO, the number of particle
histories employed in simulations varies depending on
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the phase space of each beam, ranging from 560-900
million particles. Consequently, the statistical uncer-
tainties in PRIMO simulations may be higher, poten-
tially impacting the accuracy of recorded results com-
pared to GATE. Additionally, variance reduction
techniques utilized in both platforms, while essential
for reducing computation time, may introduce com-
plexities and trade-offs that could affect the overall ac-
curacy of simulation results.

These factors, collectively, underscore the
nuanced considerations and potential challenges asso-
ciated with Monte Carlo simulations in radiotherapy.
While each platform offers unique advantages and ca-
pabilities, careful attention to simulation parameters,
validation methodologies, and interpretation of results
is essential to ensure the reliability and accuracy of
Monte Carlo simulations in guiding clinical deci-
sion-making and treatment planning processes.

CONCLUSIONS

Overall, both PRIMO and GATE simulations
demonstrated good agreement with the GBD. Utiliz-
ing the criteria recommended by the American Associ-
ation of Physicists in Medicine (AAPM) of 2 %/2 mm,
GPR exceeded 95 % and 90 % for GATE and PRIMO,
respectively.

Upon comparing PRIMO and GATE results,
GATE simulations exhibited slightly higher GPR for
PDD and cross-profiles across all three accepted crite-
ria (3 %/3 mm, 2 %/2 mm, and 1 %/1 mm). However, it
is noteworthy that PRIMO demonstrated less discrep-
ancy, compared to GATE, particularly when employ-
ing the 1 %/1 mm criterion for PDD, showcasing its ro-
bustness in matching the GBD.

These findings underscore the reliability and accu-
racy of both PRIMO and GATE simulations in replicat-
ing the dose distributions of TrueBeam STx Linac pho-
ton beams. While GATE demonstrates a slightly superior
performance of GPR, PRIMO exhibits commendable
consistency and reliability, particularly when stringent
acceptance criteria are applied. These results highlight
the importance of selecting appropriate simulation tools
and criteria based on the desired level of accuracy and
clinical requirements in radiation therapy treatment plan-
ning and quality assurance practices.
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Xonr Jlam ®DAM, Tuen dynr ®AH, Tu Xoanr Anx JIE, Kyanr Tpyar ®PAM

MOJEIOBAIBE ®OTOHCKOI CHOITA - NOPEBEBE PRIMO U GATE
CUMYJITAIINMICKUX AJATA 3A TrueBeam STx JMHEAPHMN AKHEJEPATOP

Y pany cy ynopebenu PRIMO u GATE Mounte Kap:io anaTtu 3a cumyianmjy MOieI0OBamba CHOIIA
¢otona 3 TrueBeam STx nmuHeapHOTr akiesepaTopa Koju ce KOPUCTH y Tepanuju 3pauemheM. Paznuunre
KOH(Urypalyje CHoIla IpolLiekheHe Cy y OfHOCY Ha BapuaHnoBe nmopjaTke 37aTHOT CHOIla KOpHullthelheM raMma
uHAekcHe MeTtofe. O6a KoMIIeTa ajaTa y LelMHH MoKa3ajla cy fo0po cnarame, npu uemy je GATE
reHepajHo ucka3ao Behe mposaszHe rama jaunHe 3a KpuBe J103a y MpoleHTMa 1o ayouan, Hero PRIMO.

Kwyune peuu: cnoii ¢poitiona, TrueBeam STx, Monite Kapao cumyaavyuja, GATE, PRIMO



