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H I G H L I G H T S

• A full Monte Carlo simulation of the Siemens Artiste linac and 160-leaf MLC was implemented using MCNPX 2.6.0.
• The framework achieved a 3D gamma passing rate of 97.1% (3%/3 mm) for a nasopharyngeal carcinoma plan.
• The model establishes the foundation for a localized, patientspecific Monte Carlo verification tool.

A B S T R A C T

Monte Carlo (MC) methods are considered a complementary method for dose verification
in radiation therapy. This study aims to simulate the Artiste head and the Siemens 160
Multileaf Collimator (MLC) using MCNPX 2.6.0 to enhance dose verification accuracy
in Intensity-Modulated Radiation Therapy (IMRT) treatment plans. The MC-based
calculations were benchmarked against commissioning-measured data and an MLC test
field. A comparison between MC-based and treatment planning system (TPS)-based dose
maps was made for beams of a typical complicated IMRT plan. The results demonstrated
a 3D gamma passing rate (GPR) of 97.1% with 3%/3mm criteria and a 10% dose
threshold, indicating the accuracy of the MC model. Based on the acceptable GPRs, the
provided model has sufficient accuracy. It has been confirmed that the MC calculations
can be carried out within a reasonable computation time, taking approximately 10
minutes per beam and less than 2 hours for a typical 9-beam IMRT plan. This is
possible with a specific, powerful CPU configuration used for MC verification of such a
complicated IMRT plan.
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1 Introduction

Intensity-Modulated Radiation Therapy (IMRT) aims to
deliver the prescribed dose to a defined target volume with
high accuracy, thereby improving outcomes (Zhu et al.,
2021). To deliver standard doses and achieve automatic,
precise beam shaping, treatment planning systems (TPSs)
design IMRT dose distributions with steep dose gradients
using appropriate Multileaf collimator (MLC) configura-
tions (Zhang et al., 2015). The consequent complexity of
IMRT plans, together with the lack of accurate MLC mod-
eling in TPSs, necessitates independent dose verification
through the pretreatment quality assurance (QA) pro-
cess known as patient-specific QA (PSQA) (Miften et al.,
2018). Experimental methods commonly used for PSQA

are time-consuming and, if they detect an unacceptable
plan, cannot identify the source of the error or its impact
on the patient dose distribution (Nelms et al., 2013; Kry
et al., 2014). Therefore, calculation-based dose verifica-
tion is recommended as part of PSQA (Stapleton et al.,
2005). The Monte Carlo (MC) method is considered the
most accurate computational tool for such validations. It
is regarded as the gold standard for radiation transport
calculations, especially for small radiation beams, irregu-
lar surfaces, and heterogeneous media (Chetty et al., 2007;
Palmans et al., 2018; Girardi et al., 2019). Several re-
searchers have modeled various Linac machines using MC
simulation. For these simulations, general-purpose MC
software such as EGSnrc, GEANT4, PENELOPE, and
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MCNP has been widely used by MC investigators (Paschal
et al., 2022; Kandlakunta et al., 2019; Sempau et al., 2011;
Lewis et al., 1999; Park et al., 2021).

Nevertheless, to the best of our knowledge, no com-
prehensive Monte Carlo study has incorporated both the
Artiste linear accelerator head and detailed MLC model-
ing for IMRT plans. Sadrollahi et al. (Sadrollahi et al.,
2019) and Turul et al. (Tuğrul and Eroğul, 2019) previ-
ously simulated the Artiste linac head using GEANT4 and
EGSnrc, but neither considered the MLC geometry. Con-
sequently, certain conditions may arise in which neither
the TPS nor existing MC-based tools can detect poten-
tial errors in the treatment plan (Nelms et al., 2013; Kry
et al., 2019; Kerns et al., 2017). Furthermore, the high
cost of commercially available MC-based IMRT QA tools
may also encourage radiotherapy clinics to develop an in-
house MC-based code for dose verification. Therefore, our
clinic has decided to enhance our current measurement-
based PSQA process by incorporating an MC-based dose
verification tool for IMRT plans using the Artiste Linac
with 160 MLC (manufactured by Siemens Medical Solu-
tions Inc., Germany).

While MC-based dose calculation and verification have
been widely reported for various linear accelerator models,
particularly Elekta HD and Varian TrueBeam, the present
work constitutes a distinct and novel contribution specific
to Siemens linear accelerators, focusing on the Siemens
Artiste system.

This work presents the first demonstration of the tech-
nical feasibility and dosimetric accuracy of evaluating a
Siemens Artiste IMRT plan using MCNPX. This study in-
troduces two innovations: a complete Monte Carlo model
of the Siemens 160-MLC in MCNPX, the first of its kind
for a Siemens MLC in this code. Second, this study con-
ducts a full Monte Carlo (MC) simulation of a real clinical
IMRT plan, capturing the complexity of delivery, includ-
ing multiple gantry angles, numerous segments per beam,
segment-specific monitor units, and a patient-specific vox-
elized anatomical model.

This work addresses a critical gap in the literature.
Although comprehensive MCbased dose calculation and
verification frameworks have been developed for other lin-
ear accelerator vendors, particularly Varian and Elekta,
these workflows are inherently machine-specific. They
cannot be directly transferred to Siemens linear accelera-
tors without extensive remodeling of the accelerator head
and beamshaping components.

Moreover, the number of Monte Carlo studies that
have considered Siemens systems has generally been re-
stricted in scope, often focusing on jaw-defined fields, wa-
ter phantom simulations, rather than full patient-specific
IMRT plan simulations. These limitations have therefore
precluded a realistic end-to-end Monte Carlo evaluation of
Siemens-based clinical IMRT treatments. Consequently,
the lack of a comprehensive, patient-specific Monte Carlo
framework for Siemens linear accelerators necessitated the
present study.

The primary goal was to develop an MC-based inde-
pendent dose verification tool to overcome limitations of
existing treatment planning systems and improve patient-

specific quality assurance. A detailed MCNPX model
of the Artiste Linac head and Siemens 160-MLC was
thoroughly benchmarked against commissioning measure-
ments and MLC tests. After validation, a dosimetric com-
parison between MC-calculated and TPS-based dose maps
was performed for a complex clinical IMRT plan.

2 Materials and Methods

The MCNPX code (version 2.6.0) was employed to sim-
ulate a 6 MV flattened photon beam from a Siemens
Artiste linear accelerator, using geometrical data provided
by the vendor (Siemens Healthcare, Erlangen, Germany)
(Hendricks et al., 2008). The MC simulations were per-
formed in three steps using the surface source write/read
(SSW/SSR) feature to generate phase space files (PSF),
which captured the positions, directions, and energies of
particles (photons, electrons, and positrons) at specific
surfaces. In the first stage, the primary electron source
and upstream fixed head components were modeled to pro-
duce a primary PSF at 19 cm from the target. This PSF
served as a surface source in the second stage, generat-
ing a secondary PSF at 46.9 cm downstream of the tar-
get, accounting for beam modifiers such as jaws and 160
MLCs. In the third stage, after adjusting the collimator
and gantry, the secondary PSF was used to irradiate the
phantom/patient, enabling dose distribution estimation in
the regions of interest. For all simulations, the electron
(ECUT) and photon (PCUT) cut-off energies were set to
0.5 MeV and 0.01 MeV, respectively.

Dose distributions were scored using rectangular
energy-deposition mesh tallies per history (in MeV.cm−3),
with a 1 mm grid size for non-patient simulations; how-
ever, in patient model calculations, the grid size matched
the voxel dimensions. For MLC and IMRT plan tests,
mesh tally outputs were converted into dose per monitor
unit (cGy/MU) using a coefficient derived from machine-
specific reference conditions (i.e., the same situation as
the machine is calibrated; field size of 10 × 10 cm2, depth
of maximum dose, 100 cm SSD, etc). (Das et al., 2008),
and the total dose distribution was obtained by applying
appropriate monitor units (MUs) for all segments.

2.1 Generating the primary PSF

The fixed components of the linear accelerator head -
comprising the X-ray target, primary collimator, exit win-
dow, flattening filter, ionization chamber, and mirror -
were modeled based on vendor-provided data regarding
material composition, densities, and geometrical features.
To improve agreement between simulated and measured
dose distributions, the primary electron beam energy and
spatial distribution parameters were fine-tuned. Primary
electron energy was sampled from Gaussian spectra with
mean energies ranging from 6.3 to 6.9 MeV (in 0.1 MeV
increments) and a standard deviation of 0.297 MeV. Each
energy produced a primary phase space file (PSF), and the
secondary PSFs were used to calculate percentage depth-
dose (PDD) curves in a water phantom, with jaws and
MLC settings corresponding to a standard 10 × 10 cm2
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Table 1: Source-specific model parameters for 6 MV flattened beams.

Parameter Simulation Set 1 Simulation Set 2

Primary electron energy spectrum Gaussian Gaussian
Mean electron energy (MeV) 6.58 6.58
Variable values of Mean electron energy (MeV) 6.3, 6.4, 6.5, 6.7, 6.8, 6.9
Standard deviation of electron energy (MeV) 0.297 0.297
Primary electron beam shape Cylindrical Cylindrical
Source distribution Uniform Gaussian
Starting point for source width/FWHM in x- and y-direction 2.0 mm 1.0 mm
Variable values of source width/FWHM 2.5, 3.0, 3.5, 4.0 mm 1.25, 1.50, 1.75, 2.00 mm
Source position in the MCNPX coordinate system (0, 0, 0) (0, 0, 0)
Direction of beam central axis Z direction Z direction
Position of surface for developing primary phase-space file Z = 19 cm Z = 19 cm
Position of surface for developing secondary phase-space file Z = 46.8 cm Z = 46.8 cm

Figure 1: a) The schematic view of simulated Siemens Artiste linear accelerator head, b) The curved shape of the leaf end and
the simulated 160 MLCTM bank.

field size. In addition, the primary electron beam’s spa-
tial distribution was adjusted to match lateral dose pro-
file (LDP) measurements across square fields ranging from
2 × 2 cm2 to 20 × 20 cm2, particularly in the penumbra
region. The electrons were either uniformly or Gaussian
distributed in the x- and y-directions. To adjust the pri-
mary electron beam size, a series of PSFs was generated
for uniformly distributed sources with diameters between
2.0 and 4.0 mm, and for Gaussian distributed sources with
full-width at half-maximum (FWHM) values between 1.0
and 2.0 mm. For further validation, the output factor- de-
fined as the ratio of the absorbed dose for a given field size
to that of a reference field- was measured at a 10 cm depth
in a water phantom and normalized to a 10× 10 cm2 field
size. The measurements were performed using an IBA
CC04 ionization chamber (IBA Dosimetry, Bartlett, TN)
with a 4 mm diameter and 3.6 mm length in the water
phantom, with a source-to-surface distance (SSD) of 100
cm. The schematic view of the simulated linear accelerator
head and the positions of the PSF surfaces are presented
in Fig. 1-a.

Table 1 shows the starting values of correspond-
ing source-specific parameters that generate the primary

PSFs.

2.2 MLC test

The Siemens single-focused 160 MLC consists of two
banks, each containing 80 leaves. The leaves are cate-
gorized into four types (I, II, III, IV), with minor geo-
metrical variations between the upper and lower leaf de-
signs. All leaves have a width of 5 mm at the isocenter
and feature rounded ends shaped by four curved sections.
A detailed Monte Carlo simulation of the 160 MLC has
been performed using MCNPX. Leaf positions and rota-
tion angles, accounting for the pie-shaped design and tilt-
ing, were calculated using in-house software that gener-
ated the corresponding cell and surface cards for MCNPX
input. Rhinoceros 3Dr software was also employed to
simulate the entire MLC leaf package (Fig. 1-b), partic-
ularly for small fields and complex IMRT plans to verify
the accuracy of the MLC geometry. To validate the MLC
model, a FOURL MLC test from the Elekta Express QA
package was modeled in MC calculations (IMPAC, 2020).
The FOURL field is a step-and-shoot field with four abut-
ted L-shaped segments with the gantry and the collima-
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Figure 2: a, b, and c) Depth doses for 6 MV flattened beams with 10 cm × 10 cm filed size and varying mean energy of primary
electron beam, and, d, e, and f) dose differences with respect to measured PDDs.

tor rotation angle at 0◦. The test was performed in a 15
cm slab phantom and with a source-to-surface distance
(SSD) of 90 cm to detect the semi-tongue-and-groove ef-
fect at the leaf-side junctions using film dosimetry (Her-
nandez et al., 2022). The Radiochromic film used in this
study was Gafchromic EBT3 (Gafchromic, International
Specialty Products, Wayne, NJ), with sheet dimensions
of 20.3 cm × 25.4 cm. The films were calibrated using a
Farmerr Ionization Chamber 30013 and scanned with a
Microtek ScanMaker 9800XL scanner at 100 dpi in RGB
mode with 48 bits per channel. An in-house MATLAB
code and a triple-channel dosimetry protocol were used to
calibrate EBT3 films. Dose profiles along the leaf junc-
tions were extracted at an off-axis position of 2 cm and
averaged over a 1 cm region. These profiles were then com-
pared with MC simulations and TPS calculations, both of
which were sampled using a dose grid resolution of 1 mm.

2.3 IMRT treatment plan simulation

A complex IMRT treatment plan for nasopharyngeal car-
cinoma (NPC) has been simulated using the MCNPX 2.6.0
Monte Carlo code to assess the validation of our model.
The NPC treatment plan consisted of a nine-field static
gantry configuration and 10-25 beam segments, developed
using the RayStationr Treatment Planning System (Ray-
Search Laboratories, Stockholm, Sweden). For each seg-
ment, beam coordinates (describing the position and ori-
entation of the linac head), the corresponding number of
MUs, the collimator rotations, and the positions of jaws
and each leaf in the MLC were extracted from the RaySta-
tion treatment plan files. To generate a computational
voxel-based phantom for use in the MC simulations, the
DICOM files from the CT simulation were converted us-
ing in-house MATLAB code. The generated phantom was

produced in the two outermost boxes of voxels with di-
mensions of 167× 80× 232 and 485× 59× 241, with voxel
size of 0.9766×3.0×0.9766 mm3 for head and neck parts,
respectively. Seven materials (air, lung, adipose, soft tis-
sue, trabecular bone, cortical bone, and teeth) were pro-
vided, and ICRP Publication 89 reference data were used
to describe the phantoms’ material composition (Valentin,
2002).

2.4 Statistical analysis

To compare MC-based data with experimental/TPS-
based reference datasets, two metrics, dose difference
(DD) and gamma index, were used. Dose difference values
were evaluated for Percentage Depth Dose (PDD), Lateral
Dose Profile (LDP), and output factor comparisons. For
the MLC test, DD values were used to compare dose pro-
files. In the IMRT plan, gamma passing rates (GPRs)
were reported with criteria of 3%/3 mm and 3%/2 mm.

3 Results

3.1 Initial modeling-PDDs, profiles, and output
factors

In our Monte Carlo simulations, a total of 2.7 × 1010 par-
ticle histories were processed, yielding statistical uncer-
tainties in the absorbed dose measurements of less than
0.1%. The MC simulations were performed until the rel-
ative statistical uncertainties in depth-dose calculations
within individual mesh cells, up to a depth of 10 cm, were
less than 0.4% at one standard deviation (SD). The rela-
tive statistical uncertainties of dose along the central axis
at depths from 10 cm to 30 cm were < 0.6%. Addition-
ally, the MC-based statistical uncertainties of < 0.6%,
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Figure 3: The lateral beam profiles in (a) y-, and (b) x-directions for 10×10 cm2, and 2×2 cm2 beams considering the gaussian
spatial sampling for primary electron beam. The source FWHM = 2 mm was used in all plots, except inline profiles (y-direction)
at Dmax, where profiles for all assumed source FWHM of 1.0, 1.25, 1.5, 1.75, and 2.0 mm were shown.

< 1.2%, and < 2.4% were obtained for dose profiles in
the in-field, penumbra, and out-of-field regions, respec-
tively. However, there were still some random fluctuations
in the experimental PDD and LDP raw data. To address
this, the data were processed using PTWs MEPHYSTOr
Navigator software. All scanned PDDs and LDPs were
smoothed using a similar algorithm with equidistant data
points (i.e., two or fewer passes of smoothing) (Das et al.,
2008).

The Monte Carlo (MC) model was benchmarked
against experimental measurements according to the
methodology described by Almberg et al. (Almberg et al.,
2012). PDDs for a 10 × 10 cm2 field were employed to
determine the mean energy of the incident electron beam.
In contrast, LDPs for various field sizes were used to de-
termine the spatial distribution of the primary electron
source.

Percent Depth Dose (PDD): Figure 2 presents the
PDDs for a 6 MV flattened 10× 10 cm2 beam at different
mean energies of the primary electrons. In Fig. 2, the dose
differences between MC-based and measured data are also
displayed. Considering an acceptable dose difference (DD)
threshold of ±0.5%, mean electron energies of 6.4, 6.5, and

6.6 MeV showed strong agreement with the measured data
beyond the build-up region (i.e., depth ≥ 1.5 cm). How-
ever, the 6.6 MeV electron beam showed better agreement
with measurements than the 6.4 and 6.5 MeV beams in
the build-up region. Although higher electron energies
(6.8 and 6.9 MeV) showed smaller DDs in the build-up
region, they were not selected because of larger deviations
from the measured data at greater depths. Based on these
findings, the mean electron energy of 6.6 MeV was de-
termined to be the optimal mean energy of the primary
electron beam.

Lateral Depth Dose (LDP): To validate the LDPs,
MC-based relative doses in both x- and y-directions (i.e.,
crossline and inline) were compared with the correspond-
ing experimental measurements for all field sizes. Figure
3 shows LDPs for two fields of 2× 2 cm2 and 10× 10 cm2

along the y- and x- directions, respectively. As shown
in Fig. 3, LDPs for a source with 2.0 mm FWHM are
in good agreement with the measured data for both the
small (i.e., 2×2 cm2) and standard field sizes (i.e., 10×10
cm2). For both the uniform and Gaussian distributions,
excellent agreement was achieved within the in-field re-
gion. Beam profiles for the uniformly distributed source
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Figure 4: Comparison between uniform and Gaussian source spatial sampling; a) a schematic 2D illustration and b) frequency
of source points with respect to lateral direction.

with a 3.5 mm diameter were found to be consistent with
those obtained using a Gaussian distribution with a 2.0
mm FWHM. The only notable difference between the two
source distributions occurred in the out-of-field region and
at depths of 5 cm and 10 cm for larger field sizes, where
the uniformly distributed source (3.5 mm diameter) pro-
duced doses up to 1.5% higher than the measured data
(see Fig. 4). Figure 3 shows that good agreement (i.e.,
differences of ≤ 0.6%) was achieved for beam profiles in
the out-field region when assuming a Gaussian distributed
source with a FWHM of 2.0 mm.

Output Factors: Figure 5 presents the output factors
as a function of field size for both CC04 ion chamber mea-
surements and MC simulations. The output factors were
normalized to a 10 × 10 cm2 reference field at a depth of
10 cm. The statistical uncertainties for MC-based output
factors are < 1.0% for all field sizes. This figure shows a
good agreement between MC-based and measured data.
The most significant discrepancy, observed in the 20 × 20
cm2 field, was less than 0.63%, within the simulation’s
relative uncertainty.

Figure 5: Output factors (Sc,p) for Artiste 6 MV beam. The
cross represents CC04 measurements, and circle represents MC
data. The output factors are normalized to a 10 × 10 cm2 ref-
erence field at depth of 10 cm.

Figure 6: The MC-based dose map for FOURL test field
and the comparison of MC-based, RayStation and film mea-
surement profiles.

3.2 MLC test

The MC-based, TPS-based, and measured dose profiles
across the leaf-side junctions (at the lower right part of the
field) are illustrated in Fig. 6. All three profiles demon-
strate a reduction in the delivered dose at the leaf-side
junctions. Notably, the comparison of dose profiles shows
good agreement between MC-based and TPS-based data
(DDs < 3%). Both computational approaches effectively
predict the measured dose distributions, except for one
valley associated with interleaf leakage. The dose differ-
ences (DD) values for these valleys are approximately 10%,
5%, and < 0.5% for left to right, respectively. We expect
the dose reduction to be the same for all three leaf-side
junctions, as illustrated by both computational profiles.
Therefore, it might be a measurement problem in the film
dosimetry process.

3.3 IMRT treatment plan simulation

Monte Carlo simulations for a typical nasopharyngeal
IMRT plan with nine gantry angles and 10 to 25 segments
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Figure 7: a) MC-based and TPS-based (i.e., RayStation) isodose maps and b) map of gamma failed points. Note: the gamma-
passed points are set to be transparent.

per beam were performed until the statistical uncertainty
for individual voxels within the field region was < 2.5%.
For the beam at a gantry angle of 80◦, the MC-based and
TPS-based isodose maps are shown in the first column of
Fig. 7. As shown, the differences between the two dose
calculation methods are in excellent agreement across both
target regions and OARs. In the second column of Fig.
7, maps of failed points for comparing the MC-based and
RayStation convolution dose distributions (with a 3%/3
mm criterion) were displayed. The 2D GPRs that meet
the 3%/3 mm and 10% dose threshold requirements are
97.0%, 98.9%, 99.4%, and 98.7% for the selected slices,
respectively. Meanwhile, the 2D GPRs with criteria 3%/2
mm are 96.0%, 98.0%, 99.0%, and 97.7% for the same
slices, respectively. The 3D GPRs with criteria 3%/3mm
and a dose threshold of 10% are 97.1%, respectively. In
Fig. 8, DVH histograms of MC-based and TPS-based cal-
culations related to GTV70, GTV NODE 70, CTV 59.4,
CTV 54, brain stem, and temporal lobes of a nasopha-
ryngeal patient are shown. The graphs indicate a signif-
icant correlation between the Monte Carlo and RaySta-
tion calculations within the target areas. A satisfactory
agreement has also been achieved for the identified healthy
organs.

4 Discussion

The dose profiles show a negligible energy dependence in
the energy range of 6 MeV to 7 MeV, allowing for visual
optimization of the primary electron mean energy striking
the X-ray target by comparing MC-based and measured
PDDs (López-Sánchez et al., 2019; Glenn et al., 2020).
The optimized mean energy was selected to best align with
both the build-up and fall-off regions. According to the
dose differences shown in Fig. 2, the higher energies, e.g.,
6.8 and 6.9 MeV, are better confined in the build-up region
(with DD values < 1% and an average of 0.3%). In con-
trast, in the fall-off region intermediate energies of the con-
sidered range seem to be preferred (with DDs of < 0.5%
and the average of 0.3, while in the fall-off region interme-
diate energies of the considered range seem to be preferred
(with DDs of < 0.5% and the average of 0.3%). Conse-
quently, the manufacturer-provided energy of 6.6 MeV was
determined to be the most suitable and accurate for MC
calculations. For the optimized energy of 6.6 MeV, the
most considerable depth-dose differences were observed in
the build-up and surface regions at depths less than 1.5
cm. This discrepancy can be attributed to the detector’s
sensitive volume (0.08 cm3 with a 4 mm diameter), which
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Figure 8: DVH curves comparison between MC and TPS dose data for CTV 70 Gy, CTV NODE 70 Gy, CTV 59.4 Gy, CTV 54
Gy, Brainstem, and temporal lobes.

leads to an over-response in the dose measurement near
the surface (Das et al., 2008; Apipunyasopon et al., 2013).
Several investigations have carried out approximations to
determine the primary electron beam characteristics in
Monte Carlo simulation for various linac types (Tuğrul
and Eroğul, 2019; Almberg et al., 2012; Sheikh-Bagheri
and Rogers, 2002; Tzedakis et al., 2004; Pena et al., 2007;
Wang and Leszczynski, 2007). From these studies, the op-
timal mean electron energy has been estimated by tuning
MC-based dose distributions to the measured data.

Determining the primary electron beam size in lin-
ear accelerators is a critical factor in ensuring accurate
dose delivery in clinical settings. By comparing MC-based
and measured LDPs, researchers have effectively assessed
the dimensions of the electron beam, as noted in vari-
ous studies (Almberg et al., 2012). Few authors reported
the size of the electron beam for Siemens linacs (Wang
and Leszczynski, 2007; Jaffray et al., 1993), particularly
the Artiste model. For instance, Turul et al. (Tuğrul
and Eroğul, 2019) reported an FWHM of 3.0 mm for a
Gaussian-distributed source model, which is roughly con-
sistent with the findings in this study. Other studies have
reported different focal spot sizes for specific linac mod-
els (Sheikh-Bagheri and Rogers, 2002; Chang et al., 2014;
Keall et al., 2003; Sham et al., 2008), indicating that op-
timization of MC source parameters is essential for each
machine used in clinical practice. Some studies consid-
ered a uniform source distribution with a fixed diameter
(Sham et al., 2008; Hartmann Siantar et al., 2001; Fix
et al., 2001). However, Jaffray et al. (Jaffray et al., 1993)
demonstrated that electron sources were approximately
Gaussian in shape, noting that focal spots are generally
circular for both Siemens and Varian machines. The in-
vestigation also highlighted that the optimized size of the
primary electron source is influenced by the spatial dis-
tribution of the source. Based on the results, LDPs from
a uniform-source model with a 3.5 mm diameter closely
match those from a Gaussian-source model with a 2.0 mm

FWHM, especially within the field region. However, in the
out-field region, the uniformly distributed source resulted
in a 1.5% dose overestimation for larger fields at depths
of 5 and 10 cm. This discrepancy arises from intensity
variations at source points outside the FWHM, where the
uniformly distributed source generates more particles in
regions that contribute to dose overestimation just beyond
the field boundaries (see the hatched area in Fig. 4).

Furthermore, according to the recommendations for
IMRT verification quality assurance by AAPM TG-218,
the GPR should be greater than 95%, with a 3%/2 mm
threshold and a 10% threshold (Miften et al., 2018). The
results show that the 2D gamma passing rates with clini-
cally acceptable criteria of 3%/3 mm, as well as the tighter
TG-218 criteria of 3%/2 mm, exceed 97.0% and 95.0%,
respectively, indicating acceptable agreement between the
MC-based calculations and those from TPS. However, the
analysis identified that most failures occurred in specific
areas: the surface region, the edges of certain segments,
and interfaces between inhomogeneous regions. As noted
by Paschal et al., inaccuracies in surface area calculations
can arise from failing to account for elements such as ther-
moplastic masks and head supports in TPS dose computa-
tions (Paschal et al., 2022). Additionally, discrepancies at
the edges of specific segments may stem from variances
in MLC opening adjustments between MC simulations
and TPS modeling. Interestingly, the lowest GPR val-
ues were observed in the first slice among those evaluated,
primarily because of its more heterogeneous composition.
In the presence of heterogeneitiesc -especially in complex
fields- it is common to observe discrepancies between dose
maps obtained from different calculational or experimen-
tal dosimetry methods (Snyder et al., 2019; Narayanasamy
et al., 2017).

Several modeling assumptions and limitations of the
present framework should be acknowledged. In the present
study, the treatment room geometry -including bunker
walls, floor, ceiling, and ancillary room components- was
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not explicitly simulated during the Monte Carlo phases-
pace generation. This modeling choice is intentional and
consistent with a large body of Monte Carlo-based dosi-
metric studies focusing on infield dose estimation. No-
tably, none of these established approaches includes a full
simulation of the treatment room environment for clinical
photonbeam dose calculation. Two fundamental reasons
justify this approach: (1) Negligible Contribution to In-
Field Dose: For megavoltage photon beams -particularly
at 6 MV, as used in this study- the contribution of scat-
ter from bunker walls and room components to the infield
dose region is negligible compared to the dominant contri-
butions from the linac head, beam modifiers, and patien-
trelated scatter. Including room geometry substantially
increases computational complexity and runtime while
providing no clinically meaningful improvement in infield
dosimetric accuracy. Given that computational time is al-
ready a central challenge in full Monte Carlo simulations
of complex IMRT plans, adding elements that do not sig-
nificantly contribute to the dosimetric quantities of inter-
est would be impractical and unjustified. (2) Absence of
Clinically Relevant Neutron Production: The study is re-
stricted to 6 MV photon beams. It is well known that for
photon energies below 10 MV, secondary neutron produc-
tion is not clinically relevant. This further supports the
decision to avoid unnecessary modeling complexity. Ac-
cordingly, the exclusion of treatment room geometry has
been explicitly stated as a known limitation, along with a
detailed justification based on prior Monte Carlo investi-
gations cited in the literature.

Regarding the treatment couch, we acknowledge that
in posterior beam arrangements, the couch may intersect
the beam path and affect dose distributions. This issue is
now clearly stated as a limitation. However, in the present
validation stage, our primary objective was consistency
with the clinical TPS used for comparison, which did not
include the model couch. For this reason, the couch was
intentionally excluded at this stage of the study. As noted
in the manuscript, the couch model has been incorporated
in subsequent stages of our ongoing work.

The process of generating secondary-phase-space files
for each beam took approximately. 10-15 minutes, fol-
lowed by a dose distribution calculation within the pa-
tient’s body, which, for all 9 beams, was completed in un-
der 2 hours using an Intel Xeon Gold CPU. In addition,
the entire simulation workflow has been fully automated.
The developed framework directly reads DICOM RTPlan
files, extracts segmentspecific MLC leaf positions, and au-
tomatically generates the corresponding MCNPX input
files, substantially improving efficiency and facilitating fu-
ture clinical and research applications.

This efficiency highlights the potential for real-time
verification of IMRT treatment plans via MC-based calcu-
lations with MCNP. Given that the Monte Carlo method
is recognized as the gold standard for dose calculation,
its application in a real-time adaptive context is particu-
larly promising. However, the main bottleneck of Monte
Carlo calculation methods is the relatively long computa-
tion time required for MC-based dose calculations, which
exceeds the feasible time limit of several minutes. To

overcome this shortcoming, we should use appropriate
variance-reduction methods in our calculations to reduce
computation time and develop real-time MC-based dose
verification software.

5 Conclusions

Our overall aim was to provide an MC-based indepen-
dent dose verification program that can be used in clinical
routines. Acceptable agreement of 2D GPRs of > 97.0%
(with criteria 3%/3 mm) and > 95.0% (with criteria 3%/2
mm) was obtained for complicated IMRT beams. Further-
more, the feasible computation time for each IMRT beam
(∼10-15 minutes) allows the completion of a Monte Carlo
simulation for all nine IMRT beams within two hours,
advancing toward a real-time MC-based dose verification
software.
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