Radiation Physics and Chemistry 236 (2025) 112904

ELSEVIER

Contents lists available at ScienceDirect
Radiation Physics and Chemistry

journal homepage: www.elsevier.com/locate/radphyschem

=" ——
Radiation Physics and
Chemistry

Check for

Dosimetric evaluation of 6 MV photon beams in small fields using | e

PRIMO-penEasy Monte Carlo

Nataly Diaz® ©, Amaia Villa Abaunza®, Jorge Munoz ¢, José Manuel Udias ™", Paula Ibanez *-"

@ Nuclear Physics Group and IPARCOS, Department of Structure of Matter, Thermal Physics and Electronics, CEI Moncloa, Universidad Complutense de Madrid, Madrid,

28015, Spain
b Instituto de Investigacion Sanitaria del Hospital Clinico San Carlos, Madrid, 28011, Spain

¢ San Ignacio University Hospital, Pontificia Universidad Javeriana, Bogota D.C., 110311, Colombia

ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler Dosimetric validation of clinical radiotherapy plans for small fields requires high-precision instrumentation to

ensure accuracy and spatial resolution. This study proposes a combination of PRIMO and penEasy Monte Carlo

Keywords: simulators to address scenarios where direct measurements are impractical, challenging, or yield inconsistent
Elekta results due to detector limitations.
PRIMO MC

We compared three dosimetric tools: A Semiflex ionization chamber PTW (model 31010) within a water-filled
acrylic tank; EBT3 radiochromic films positioned between solid water layers; and PRIMO-PenEasy simulations.
Experiments were performed at San Ignacio University Hospital in Bogota, Colombia, with dose measurements in
two small fields and one conventional field for an Axesse-type linear accelerator.

Results indicate that EBT3 radiochromic film show better agreement with MC simulation than the Semiflex
ionization chamber, likely due to the chamber dose averaging effect across its detection volume. Additionally,
variations in off-axis ratios were noted in both crossplane and inplane directions with more pronounced dis-
crepancies observed in small fields compared to the conventional field. Overall, PRIMO-PenEasy MC simulations
demonstrated accurate dose distributions and can be used as a viable for dosimetric validation in small photon

Radiochromic films EBT3
Semiflex ionization chamber

fields.

1. Introduction

The increase of cases treated with stereotactic radiosurgery (SRS)
and intensity-modulated radiation therapy (IMRT), especially for small
tumors, has spurred advances in the use of small static fields (Almond
et al., 1999) (Leksell, 1983). This progress has been enabled by the
adoption of the new TRS-483 protocol for small field dosimetry
(Palmans et al., 2017a) and the widespread availability of Multi-Leaf
Collimators (MLCs). These advances have lead to exploring the appli-
cation of small treatment field sizes in equipments originally designed
for conventional pho-ton fields. However, small fields introduce specific
challenges that must be addressed: lack of lateral electronic equilibrium,
partial occlusion of the source, disruption of particle fluence within the
medium, and signal degradation (Aspradakis et al., 2010) (McNiven
et al., 2006). These factors complicate the dose measurements inter-
pretation, making the selection of appropriate detectors essential to
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avoid dosimetric errors (Ezzell et al., 2009) (Sanchez-Doblado et al.,
2003).

For accurate dosimetry, both in the penumbra region and at the
central axis, small volume detectors with minimal energy and dose rate
dependencies are necessary. Many studies (Palmans et al., 2017a)
(McNiven et al., 2006) (Das et al., 2008) (Francescon et al., 1998) have
been done about the different types of detectors in small field dosimetry.
While ionization chambers (IC) are most commonly preferred in clinical
practice, due to their minimal energy dependency in radiotherapy
ranges (Gonzalez-Lopez et al., 2015a), their relatively large size can
cause dose underestimation of small fields due to dose averaging (Ardila,
2000). An alternative is radiochromic films, which offer high spatial
resolution and energy-independent dose response (Chiu-Tsao et al.,
2005) (Butson et al., 2006) although their accuracy relies on strict
protocols for handling, reading, and analysis (Devic et al., 2016) (Vera,
2018).
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Monte Carlo (MC) simulations provide invaluable information dur-
ing the study of small field radiotherapy (Cheng et al., 2007). PENELOPE
(Baro et al., 1995) is one of the most accurate radiation transport MC
codes for estimating the dose distribution (Castellano et al., 2007). It
requires detailed information on the accelerator’s geometry and mate-
rials - data often proprietary to the manufacturer. To overcome this
limitation, PRIMO was developed (Rodriguez et al., 2013) as a MC code
specially designed for radiotherapy, based on PENELOPE. It in-
corporates the geometrical and physical models of most of Elekta’s
linear accelerators. PRIMO only requires the user to specify the initial
electron beam characteristics, the treatment field size parameters and
MLC specifications (Sarin et al., 2020). The software models the accel-
erator head from the primary electron beam’s interaction on the target
to the particle interactions with the collimation and MLC systems
(Efendi et al., 2020), storing particle information in a phase space
(PHSP) file. This file can be used to study small field photon beam
characteristics including fluence and energy distributions, dispersion
relations, depth-dose curves, and dose profiles. A limitation of PRIMO is
the large simulation times required on conventional computers. For
instance, simulating 10° histories from a standard linear accelerator on a
single CPU with 8 GB of RAM and 8 cores may take several weeks. To
address this, PRIMO can be combined with penEasy, a general purpose
MC code that simulates the transport of electrons, photons, and posi-
trons within an energy range from 50 eV to 1 GeV (Sempau et al., 2011).
PenEasy can be installed and executed in a cluster of computers, and
PRIMO-generated PHSP files can be used to compute dose distributions
in the computating cluster, reducing simulation time from several weeks
to hours.

In recent years, some studies have been conducted to evaluate
PRIMO MC predictions for small field dosimetry (Sarin et al., 2020)
(Efendi et al., 2020). These studies, however, largely rely on compari-
sons with ionization chambers, which, as mentioned, often suffer from
limited spatial resolution. This highlights the need to extend these in-
vestigations by including measurements with radiochromic films, which
provide superior spatial dose resolution, particularly suited for small
field applications. Furthermore, current studies usually do not include
fields smaller than 4 x 4 cm?, revealing a significant limitation in PRIMO
MC’s validation.

Overcoming this limitation could establish PRIMO MC as a
dependable tool in radiotherapy, thereby enabling a more precise res-
olution of discrepancies observed across various detector types used in
small field dosimetry.

Thus, the aim of this study was to evaluate the potential of PRIMO as
an alternative tool for small field dosimetry. We conducted dosimetric
measurements for photon beams with small field sizes of 2 x 2 and 4 x 4
cm?, along with a standard 10 x 10 cm? field, and compared them with
PRIMO-penEasy simulations. On the one hand, measurements with a
PTW type 31010 ionization chamber (IC) and EBT-3 radiochromic films
were performed at San Ignacio University Hospital (Bogota, Colombia)
using an Elekta Axesse linear accelerator. On the other hand, simulations
of the Elekta Axesse model were performed in PRIMO, using its built-in
geometry for the same field sizes. PHSP files generated in PRIMO were
then incorporated in penEasy to obtain dose distributions in a water
phantom. Measured and simulated doses were compared through mean
relative difference, output factors (OF) and gamma analysis (Low et al.,
1998).

2. Materials and methods
2.1. Elekta Axesse accelerator

The medical accelerator used in this study was an Elekta Axesse
linear accelerator (LINAC) with a photon beam energy of 6 MV. This
accelerator is equipped with a beam modulator collimation system that
includes a conical primary collimator, a flattening filter and a secondary
MLC system made up of 40 pairs of opposing and intertwined tungsten
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leaves. This configuration allows for the programming of fields in
different symmetrical and asymmetrical sizes (Esposito et al., 2018). The
leaves move linearly, which can lead to penumbra variations as the
leaves move to different positions relative to the central axis (Ardila,
2000).

2.2. Measurements

2.2.1. PTW semiflex 31010 ionization chamber

Percent depth dose (PDD) distributions, crossplane and inplane
profiles were measured with PTW Semiflex IC (type 31010) with a
0.125 cm? internal cavity volume, positioned within a MP3-M scanning
system with 50.0 x 50.0 x 40.8 cm® range. Data analysis was performed
using the MEPHYSTO mc? software and the step-by-step scanning and
CAX correction method were used for centering the IC (Cheng et al.,
2007).

For the three field sizes (2 x 2, 4 x 4 and 10 x 10 cm?), dose profiles
were measured maintaining an Source to Surface Distance (SSD) of 90
cm and taking into account the camera correction for the effective
measurement point. IC readings were corrected for pressure, tempera-
ture and polarity. For uncertainty analysis, the TRS 483 code and the
dosimetric quantities formalism proposed by Dufreneix et al. (2021)
were followed. The percentage variation in dose (AD) was obtained from
the first measured profile (cross-plane and in-plane). To evaluate de-
tector positioning in x,y, a field size was selected and the standard de-
viation of the averages of three detector readings for 100 UM in each
field was calculated, applying corrections for pressure, temperature, and
the correction factors specified in TRS 483 (Palmans et al., 2017b).
Finally, the combined uncertainty for each field size was determined,
following the methodology of (Dufreneix et al., 2021) with an uncer-
tainty factor (k = 2).

The OF for small fields were experimentally measured in accordance
with the TRS-483 protocol (Palmans et al., 2017b) for the 2 x 2 cm? and
the 4 x 4 cm? field sizes. The values were normalized to the 10 x 10 cm?
field. The chamber was placed at a depth of 10 cm in the automatic tank
with an SSD of 90 cm, and 100 monitor units (MU) were supplied. Thus,
equation (1) was used:

_ D10 (l)
" Dio(i)

OF(i) €

Where D10 (i) is the measured dose in water at a 10 cm distance for the
field i and D10(10) is the dose in water measured for the reference field
size of 10 x 10 cm? The OF uncertainty was calculated according to
equation (1), considering that each term has an associated uncertainty
arising from various contributions. The uncertainty estimation is
expressed as the combined uncertainty, where each term involves var-
iables previously described in the document, with the correction factors
of the TRS 483 code (Palmans et al., 2017b) applied as part of the
methodology outlined in (Dufreneix et al., 2021),including an uncer-
tainty factor (k = 2).

2.2.2. Gafchromic EBT3 films

Gafchromic EBT3 films (lot No. 2004744) were also used for this
study to examine in greater detail the penumbra region and dose fall-off,
as they pro-vide higher spatial resolution than the ionization chamber.
The films were previously calibrated with doses ranging from 0 to 3 Gy
in increments of 0.380 Gy.

To determine dose maps, films were irradiated at field sizes of 2 x 2,
4 x 4 and 10 x 10 cm? with 400 MU. The phantom consisted of three
solid water blocks, each 5 cm thick and 30 x 30 cm? in dimension. The
films were inserted between the first two slabs, at 5 cm and at 10 cm
depth, respectively, for the 6 MV photon beam, maintaining an SSD of
90 cm. Scanning was performed 48 h after irradiation using an Epson
10000XL flatbed scanner in transmission mode with 75 pixels per inch
and 16 bits per color channel. The films dose response was carried out
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using only the red channel due to the film’s higher sensitivity in the red
region of the spectrum (Micke et al., 2011). Uncertainty analysis was
performed according to Devic et al. (2004).

2.3. Monte Carlo simulations

Simulations were performed using the Elekta MLCi head model
within PRIMO software (version 0.1.5.1307), available at https://www.
primoproject.net. PRIMO supports simulation of various Elekta linac
models, including the SLi Plus, Axesse, Affinity, Synergy, and Precise, all
corresponding to the Elekta MLCi configuration (Brualla et al., 2013).

An Intel(R) Core (TM) i7-1065G7 CPU with 8 GB RAM was employed
for all calculations. The PHSP file for the Elekta Axesse accelerator was
generated at the exit of the accelerator head using 10® particles. PRI-
MO’s suggested default energy parameters for the 6 MV photon beam
configuration (ie. 6.5 MeV with 0.25 MeV FWHM) were applied across
all three field sizes: 2 x 2 cmz, 4 x 4 cm® and 10 x 10 cm? (Marzon,
2024). Each simulation required approximately two weeks to complete,
and splitting roulette was used as recommended for energies below 15
MV (Rodriguez et al., 2012).

The generated PHSP files were then imported into penEasy for dose
distribution calculations within a water phantom of 60 x 60 x 40 cm?,
with the space between the PHSP file and the water phantom filled with
36.9 cm of air to reproduce the 90 cm SSD from the measurements (see
Fig. 1).

In order to reduce statistical uncertainty to approximately 1.5 %, the
PHSP files generated with 10% histories were reused 50 times with
different random seeds, simulating the interaction of a total of 5 x 10°
particles interacting in the water phantom, without employing addi-
tional variance reduction techniques. The estimation of statistical un-
certainties in this study does not account for the latent variance
described by Sempau et al. (2001), steming for the reutilization of the
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same PHSP in the 50 simulations.We estimate that the contribution of
latent variance would be small, however, given the reduced size of the
irradiation fields, and the initial number of histories in the PHSP.

To accurately capture dose gradients, the voxel size was set to 0.15 x
0.15 x0.34 cm®. This high resolution in the x and y dimensions enabled
precise modeling of dose variations critical for small-field simulations,
while the larger z-axis voxel size optimized processing time without
sacrificing spatial accuracy. The 50 simulations of 108 histories, were
run in parallel on a high capacity cluster, allowing for the completion of
the 50 simulations within hours.

OF were calculated from the MC simulations as the ratio between
absorbed dose per history calculated at 10 cm depth from each field size,
and the absorbed dose calculated for the reference 10 x 10 cm? field at
the same depth, mirroring the method used to determine OF values from
experimental measurements. The uncertainty of the OF was determined
using equation (1) with a method similar to that applied to the experi-
mental data, incorporating an uncertainty factor (k = 2). The uncer-
tainty estimation is expressed as the combined uncertainty, in
accordance with the methodology proposed by (Ayala et al., 2024).

2.4. Dosimetric evaluation

The dosimetric evaluation was performed by comparing the simu-
lated and measured output factors, PDDs, transverse profiles and dose
maps, when avail-able. For this purpose, relative differences and gamma
analysis were used (Low et al., 1998). Gamma analysis was performed
with acceptance criteria of 1 mm distance-to-agreement (DTA) and dose
differences of 1 %, 2 % and 3 %, with a 10 % threshold. The DTA was
restricted to 1 mm to take into account that, in steep dose gradients
areas, such as in this case, most points will fail on distance and not on
dose (Vidal et al., 2019) (Ibanez et al., 2021).

PRIMO-PenEasy MC
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Fig. 1. Sketch of the geometry of LINAC head, simulated with PRIMO in the first phase of the simulation, and the dose calculation in the air-water phantom

simulated with penEasy in the second phase.
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3. Results
3.1. Percentage depth dose

The percentage depth doses (PDD) obtained with the Semiflex IC
were compared to PRIMO-PenEasy MC simulations for three field sizes:
2 x 2 cm? 4 x 4 cm® and 10 x 10 cm?. The comparison between the
PDDs is shown in Fig. 2, as well as the relative differences. For all field
sizes, the largest discrepancies were found within the 0-2 cm depth
range, just before reaching the point of maximum ionization, with
maximum differences of 4.4 %, 3.4 %, and 3.0 %, for the 2 x 2 cm?, 4 x
4 cm? and 10 x 10 cm? field sizes, respectively. This region exhibits a
high dose gradient, where ionization chambers with a small cavity
volume (0.125 cm®) are known to overestimate dose values due to the
lack of charged particle equilibrium (Delfs et al., 2019). Beyond 2 cm in
depth, the differences remained below 2.5 %. The experimental un-
certainties of the IC were found to be approximately 1.6 %, and the
statistical uncertainty of the simulation was around 1.5 %.

3.2. Dose profiles

A comparative analysis was conducted between dose profiles
measured with the IC, EBT3 films, and those obtained from PRIMO-
PenEasy simulations. Fig. 3 shows the comparison of the profiles along
the crossplane and inplane directions for each field size, as well as with
the corresponding gamma values calculated using a 1 %-1 mm gamma
index criterion and a 10 % threshold and Fig. 4 show the gamma analysis
results for the three dose difference and DTA criteria comparing
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simulations with experimental data from the IC and EBT3 films.

For the comparison with the EBT3, a gamma evaluation of the 2-
dimensional dose maps was also performed and results are shown in
Table 1. An example of the 2 x 2 cm? field evaluation is also presented in
Fig. 5, where isodose profiles measured with EBT3 and simulated at 10
cm depth are represented together, as well as the 2D-1 %-1 mm gamma
evaluation.

Radiochromic films generally provide better results in terms of
gamma evaluation compared to IC measurements. This trend becomes
more pronounced as the field size decreases and the gamma criteria
becomes more restrictive. For instance, in the most restrictive gamma
and with the smallest field size, the passing rate for radiochromic film
measurements exceeds that of the IC by approximately 15 percentage
points. This is consistent with the observations from the transverse
profiles, where the crossplane and inplane profiles measured with the IC
showed larger discrepancies when compared to PRIMO-PenEasy simu-
lations. In contrast, dose profiles measured with EBT3 radiochromic
films demonstrated closer alignment with the simulation results.

The non-negligible volume effect of the IC causes a smoothing effect
in the dose fall-off, which becomes more apparent as the field size de-
creases. This effect, however, is not present with radiochromic films,
which offer a higher spatial resolution.

3.3. Output factors

Table 2 provides a detailed comparison of the simulated and
measured output factors at a depth of 10 cm for each field size, as well as
the relative difference and uncertainty. The output factors show a good
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Fig. 2. Measured and simulated PDD and relative differences for field sizes: (a) 2 x 2 cmz; (b)4 x 4 cmz; (b) 10 x 10 cm?>.
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Fig. 3. Comparison of relative dose profiles and gamma evaluation for different field sizes and measurement orientations. Columns correspond to field sizes of 2 x 2
cm? (left), 4 x 4 cm? (center), and 10 x 10 cm? (right). The top row shows In-plane measurements, and the bottom row Cross-plane measurements. Each figure
includes a top image comparing relative dose profiles from MC (purple), IC (red), and EBT3 (blue), and a bottom image showing gamma evaluation (1 %-1 mm, 10 %
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three field sizes. The light blue columns represent the gamma pass rates between EBT3 film measurements and PRIMO-PenEasy simulations, while the dark blue
columns indicate the pass rates for the Semiflex IC com-pared with PRIMO-PenEasy simulations.

agreement between simulations and measurements, with relative dif-
ferences not exceeding 3.5 %.

The uncertainty of the output factors OF is related to the measure-
ment of the beam profiles in the crossplane and inplane directions and,
therefore, to the size of the irradiation field. The deviations in the
crossline direction were greater than in the inplane direction for all field

sizes, decreasing as the field size increased, which can be associated with
the presence of a plateau region in the profiles at larger field sizes. For
the 10 x 10 cm? field, the deviations were constant, as expected for the
reference field.

Finally, the standard deviations associated with the OF ranged from
0.015 to 0.019 and increased as the field size decreased, which is
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Table 1
2D Gamma index between radiochromic EBT3 and PRIMO- penEasy MC. Per-
centage of points passing the test.

2D Gamma Index Results

Field Size (cm?) 1mm,1% 1 mm, 2 % 1 mm, 3 %
2x2 90 % 94 % 96 %
4 x4 93 % 95 % 98 %
10 x 10 94 % 97 % 98 %

reflected in the final uncertainty.
4. Discussion

Small photon beam dosimetry presents a range of challenges due to
the unique characteristics of small fields, including steep dose gradients,
partial source occlusion, and lateral electronic disequilibrium. These
factors complicate dose measurements and underscore the need for
precise instrumentation and methodologies. This study evaluated
PRIMO-PenEasy simulations in combination with experimental data
obtained using the PTW 31010 Semiflex ionization chamber and EBT3
radiochromic films to address these challenges.

The results highlight the strengths and limitations of each approach
and provide evidence for PRIMO-PenEasy’s potential as a robust tool for
small field dosimetry.

The PTW 31010 Semiflex ionization chamber, commonly used in
clinical practice, was evaluated for its performance in small fields. While
the ionization chamber produced reasonable results in the equilibrium
region of PDD curves, discrepancies emerged in high-gradient regions
near the surface and in lateral dose profiles. The chamber’s 0.125 cm®
sensitive volume averages dose values, causing smoothing effects that
are particularly pronounced in small fields such as 2 x 2 cm?. These
effects were evident in the gamma analysis, where the ionization
chamber achieved a minimum pass rate of 75 % under the 1 %-1 mm
criteria.

The observed discrepancies agree with findings from previous
studies, such as Ardila et al. (Ardila, 2000), which recommended smaller
detectors like the PTW 31016 pinpoint 3D chamber or the PTW 60017
E-diode for small field measurements. Such detectors offer improved
spatial resolution and reduce the averaging effects inherent in larger
chambers.

In contrast, EBT3 radiochromic films provided better spatial reso-
lution, allowing for more accurate measurements of dose gradients and
penumbra regions. The films demonstrated a better agreement with
PRIMO-PenEasy simulations, achieving a minimum gamma pass rate of
91 % under the most restrictive 1 %-1 mm criteria. This superior per-
formance highlights the utility of EBT3 films for capturing fine details in
small field dosimetry. Their close alignment with PRIMO-PenEasy
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results further validates the reliability of both methods for small field
dosimetry.

PRIMO-PenEasy simulations showed strong agreement with experi-
mental measurements across all evaluated parameters, including PDD,
dose profiles, and output factors. For PDD, discrepancies between
PRIMO-PenEasy and experimental measurements were most pro-
nounced in the surface region (0-2 cm depth), where high dose gradi-
ents occur, with maximum differences of 4.4 % for the smallest field size.
Beyond this region, differences remained below 2.5 %. The simulations
also provided reliable output factors, with relative differences not
exceeding 3.5 % compared to experimental values.

The gamma analysis of lateral dose profiles further supported PRIMO
PenEasy’s precision, demonstrating high pass rates when compared with
EBT3 film measurements.

These results are consistent with previous studies that have validated
PRIMO-PenEasy for small field applications. For instance, Gonzales et al.
(Gonzalez-Lopez et al., 2015b) and Sarin et al. (2020) demonstrated
strong agreement between PRIMO simulations and experimental data,
confirming its reliability for simulating medical linear accelerators,
including those from Elekta and Varian.

The findings of this study have significant implications for clinical
practice. The limitations of ionization chambers in small field dosimetry
highlight the importance of integrating high-resolution detectors like
EBTS3 films with advanced simulation tools. The complementary use of
PRIMO- PenEasy and EBTS3 films allows for a more accurate character-
ization of small fields, improving the precision of treatment planning
and dose delivery in radiotherapy.

PRIMO-PenEasy’s versatility, including its ability to model various
field sizes and configurations, makes it a valuable resource for
addressing discrepancies in dosimetry across different detectors. Its
application extends beyond small fields to include other specialized
treatment scenarios, such as intensity-modulated radiation therapy
(IMRT).

Based on the results of this study, we recommend using PRIMO-
PenEasy for small field dosimetry. This MC code provides a reliable
approach for vali-dating dose distributions and resolving discrepancies
observed with ionization chamber measurements.

Table 2
Comparison of simulated and measured output factor (OF) values for different
field sizes at 10 cm depth.

Field Size Semiflex IC PRIMO-penEasy Relative difference
(cm2) MC (%)
2x2 0.797 £ 0.017 0.784 + 0.035 1.6
4 x4 0.879 £ 0.015  0.848 + 0.033 3.5

2x2cm? field size, 10 cm depth in solid water
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Fig. 5. a) Isodose contours for the 2 x 2 cm? obtained from the EBT3 mea-surements (red) and from the MC simulation (blue) and b), the corresponding 1 %-1 mm

gamma index map.
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5. Conclusions

This study demonstrates that PRIMO-PenEasy is a powerful tool for
small field dosimetry, capable of addressing the limitations of traditional
mea-surement methods and improving the precision of radiotherapy
treatment planning.

Future research should explore the application of PRIMO-PenEasy to
a wider range of field sizes and treatment configurations, including
irregular and non-symmetrical fields. Additional studies could also
investigate the inte-gration of PRIMO-PenEasy into clinical workflows,
focusing on optimizing simulation times and incorporating advanced
detector technologies for even greater accuracy.
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