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ARTICLE INFO ABSTRACT

Keywords: Purpose: This work aims at implementation, validation, and proof of application of fast, voxel-based single
Proton radiotherapy proton linear energy transfer (LET) spectra scoring for clinical proton therapy. The LET spectra provide
LET

more comprehensive information on the mixed radiation field produced by protons in heterogeneous patient
geometry in comparison to the dose-averaged LET (LET,), commonly investigated pre-clinically and clinically.
Materials and methods: We implemented single particle spectra scoring methods for LET and other physics
quantities, e.g. deposited energy or track length, characterising mixed radiation fields in voxelized geometries.
The scorers were implemented in a GPU-accelerated Monte Carlo (MC) code Frep, as well as a general
purpose MC codes GaTe/Geant4 and Fruka. The validation included a comparison of spectra obtained with
Frep, GaTe and Fruka, and evaluating the calculation performance. The LET spectra were also calculated for
an intensity-modulated proton therapy (IMPT) patient treatment plan and compared to LET,.

Results: Implementation of spectra scorers of various quantities, including the LET was shown to be conducted
accurately and spectra obtained with Frep, Gate and Fruka are in excellent agreement. The GPU acceleration
allows precise and time-efficient calculation of the LET spectra and can be conducted within about an hour
with Frep (using two GPU cards) compared to tens of hours with Gate or FrLuka (using up to 400 CPUs). We
have also shown that for an IMPT patient treatment plan, single particle LET spectra may differ for the same
LET,, being potentially responsible for uncertainties in the advanced treatment planning methods based on
variable RBE and LET,.

Conclusions: Single particle LET spectra scoring is possible with the state-of-the-art Monte Carlo methods,
allowing a more detailed insight into radiation effects in mixed radiation fields produced by proton beams in
a human body and, thanks to time efficient calculations enables future clinical translation of the method.

Linear energy transfer
Monte Carlo

1. Introduction dose-averaged linear energy transfer (LET,), that increases at the end

of the proton range. High LET regions are desired inside the clinical

Intensity-modulated proton therapy (IMPT) is primarily employed target volume (CTV), but often, as a consequence of treatment plan

in cancer treatment due to its capability of conformal treatment plan- optimisation, occur on its boundaries and overlap with critical organs
ning and minimising radiation exposure to healthy tissues. The confor- at risk (OAR) [1].

mity in proton therapy (PT), compared to radiotherapy with photons
or electrons, leads to reduced doses to normal tissues and minimised
complications. Moreover, the enhanced relative biological effectiveness
(RBE) of proton beams is often associated with the physics quantity,

RBE and LET,, since their foundation in the 1950s, are average
quantities considered in particle therapy. Usually, an averaged LET,
calculated for all particles depositing energy in a voxel is investigated,
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however, the exact LET averaging approach is unambiguous and dis-
cussed [2]. Regardless of the averaging approach, the applicability of
RBE and LET, have been recently questioned because the averaging
process does not precisely consider the stochastic nature of radiation
interaction with tissue, particularly neglecting the complexity of DNA
damage associated with high-LET radiation and increased biological ef-
fectiveness of protons and heavier ions [3]. Monte Carlo (MC) methods
transport particles through the medium one at a time giving access to
a single particle history, allowing for calculating the LET, for a single
particle in a voxel, denoted thereafter as LET:Ip , and finally scoring
the whole LETZp spectra in the voxel, consisting of low- and high-LET
particles. The high-LET component of a LETZlp spectrum is responsible
for complex DNA damages and the increased RBE of protons [4] and is
not precisely considered by LET, [5-8]. The spectral information on the
radiation quality in voxels has been introduced to feed radiobiological
models of DNA damage and its complexity [9-12]. Regardless of the
treatment planning approach, state-of-the-art MC computational meth-
ods are widely used to evaluate radiation quality in PT [13]. However,
the applicability of general-purpose MC codes (e.g. Geant4-based GATE
and TOPAS, FrLuka, MCNP, and others) in clinical practice is limited due
to the long computational time and need for computational clusters to
score single particles’ history in voxelized geometries with sufficient
statistics.

Following the theoretical findings, recently, it has been a subject of
discussion whether increased LET, in normal tissue can be correlated
with the radiation-associated image changes observed for some patients
during the post-treatment follow-up MRI control imaging [14-17].
Multi-parameter voxel-based analysis of high-LET regions and image
changes shows contradictory results [18]. These studies, even incon-
clusive, raise interest in introducing radiation quality in the clinical
treatment planning of PT [19]. Simultaneous optimisation of dose and
LET, or their product are close to being translated to the clinical
treatment planning systems, but it is further discussed whether LET,
averaged over all particles depositing energy in a voxel is sufficient to
accurately characterise the radiation quality in mixed fields produced
by proton beams in patients and is suitable for IMPT optimisation [3,
20].

Here, we present a high-performance computing method combining
MC simulations accelerated with GPU cards that can resolve the chal-
lenge of single particle LETZp spectra scoring in voxelized geometry and
eventually be applied in the clinical routine. We present the implemen-
tation, validation, and performance of LETZ’J scoring methods, as well
as scoring of other physics quantities characterising radiation quality,
e.g. energy deposited or total track length in a voxel. Moreover, we
show that for the same LET,, we observe different LETZp spectra in
IMPT treatment plans calculated in heterogeneous patient geometry,
demonstrating that the information on LETZP spectra in a given point of
the therapeutic fields provides much more comprehensive information
on the radiation quality and high LET component of radiation field
than the averaged LET, distributions. Overall, despite the LET or other
spectral information on the radiation quality in a voxel is of interest for
radiobiological modelling, GPU-accelerated spectra scoring proposed
here seems nowadays to be the only solution enabling translation of
spectra-based models from the research considerations into the clini-
cal applications, as the scoring time of general-purpose MC codes is
unacceptably long for the clinical routine.

2. Materials and methods

We used for our investigation three MC codes: Frep (Fast paRti-
cle thErapy Dose evaluator) developed at the Sapienza University of
Rome [21], Gate v. 9.2 (2022) software developed by the interna-
tional OpenGATE collaboration [22-24] and compiled with the Geant4
v.11.0.1 toolkit, and FLuka v. 4.4.3 developed at CERN [25-27].
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2.1. Frep, Gati, and FLuka Monte Carlo

Frep is a fast MC platform dedicated to supporting quality as-
surance and treatment planning in proton radiotherapy centres. It
utilises the calculations on multiple CPUs, including multiprocessing,
but its biggest advantage is the GPU processing, which significantly
accelerates the calculations [21]. Frep has been extensively validated
with respect to FLuka MC [21] and to measurements [28,29] and is
further developed for applications in carbon ion [30] and photon [31]
radiation therapy. The proton branch of FRED is available for any
researcher willing to investigate its capability (www.fred-mc.org). It
is in clinical use in a few proton therapy centres, e.g., MAASTRO
clinic (Maastricht, the Netherlands) or Cyclotron Centre Bronowice in
Krakéw, Poland (CCB) [32], and Paul Scherrer Institute (PSI), support-
ing patient quality assurance. It is also extensively used for research
activities [14,33-36]. The physics implemented in Frep is simplified
with respect to the general purpose MC (e.g. Geant4 or Fruka). Only
the primary and secondary protons, deuterons, and alpha particles are
transported until they slow down to the cut-off energy (E;" ), corre-
sponding to a predefined particle residual range in a given medium. The
particle below this energy is stopped from being tracked, and its kinetic
energy is deposited in place. The residual range is set to 50 pm by
default, which corresponds to the kinetic energies in water of 1.56 MeV,
2.02 MeV, and 5.94 MeV for protons, deuterons, and alpha particles,
respectively, while it can be modified by the user. In this work, the
residual range was set to the default value.

GaTe is an open-source platform dedicated to numerical simulations
in medical imaging and radiotherapy based on the Geant4 MC engine.
Only the calculations on the CPU are supported but including the
multiprocessing. GATE is used for clinical purposes to support patient
quality assurance [37-40] as well as for research [22]. It offers more
flexibility than Frep, tracking different particle types depending on the
defined physics. In our investigations, we used QGSP_BIC_HP_EMZ [37,
41] physics list with the maximum step limiter set to 1 mm. To mimic
the Frep implementation of the physics, we used 100m cuts for the
production of secondary electrons, positrons, and gammas, and 50 pm
for protons.

FLuka is a general purpose MC platform developed in the collab-
oration of INFN and CERN for calculations of particle transport and
interactions with matter [25]. It is commonly employed in various
scientific and engineering fields, including nuclear and high-energy
physics, radiation protection, and medical physics. FLuka can simulate
the interaction and propagation in matter with high accuracy for about
60 different particles, including photons and electrons with energies
from 100 eV to thousands of TeV, neutrinos and muons of any energy,
hadrons of energies up to 20TeV and all the corresponding antipar-
ticles, and neutrons down to thermal energies. The validity of the
physical models used by FLuka was compared to a variety of experi-
mental data over a wide range of energies [42]. In the field of particle
therapy, the hadron-nucleus and nucleus-nucleus interaction models
are fundamental to obtain accurate calculations of the dose released
in the body of the treated patient. Therefore, we used the PRECISIOn
card in FLuka to define the high precision for defaults settings, and we
suppress the delta ray generation, to mimic the Frep implementation.

2.2. Implementation of spectra scorers

A histogram representation of the distribution of quantity numerical
values is understood hereafter as a spectrum. Spectra scorers have
been implemented independently in Frep for each voxel of a voxelized
geometry (e.g. a phantom or a patient CT) and in Gate and Fruka for
a priori selected voxels. The implementations in Frep, Gate and Fruka
differ but yield corresponding results. In our study, only primary and
secondary protons are considered, but the methodology is applicable
also for heavier primary ions and secondaries produced in nuclear
fragmentation.


http://www.fred-mc.org
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Fig. 1. Schematic representation of selected possible particle interactions with a voxel medium.

Fig. 1 presents a few selected possible scenarios of a particle inter-
acting with the medium in a voxel. Each particle entering a voxel is
characterised by its initial kinetic energy, E,’;’;ne. A particle can pass the
voxel (blue lines) undergoing nuclear and electromagnetic interactions
and delivering in multiple steps, s, of length I, a fraction of its energy,
€,. The I is determined in MC by the maximum step limiter, but the step
is always taken when the particle crosses the voxel boundary, meaning
that at least one step is taken. The particle can also produce secondary
particles in nuclear reactions, which can be stopped in the production
voxel (red line) or leave (yellow line), depositing all or fractions of
its energy, respectively. Another possible scenario is when a particle
enters the voxel with relatively small kinetic energy and is stopped in
the voxel. In such cases, the MC determines the step lengths considering
a fraction of the step initial kinetic energy, E;:.ne, usually on the level
of 10%, until the particle reaches the lower energy cut, E;;’;e, when it
is no longer tracked, and its residual energy is deposited in place.

In any spectra scorer implementation in a voxelized geometry, the
essential part is to identify the particles entering any new voxel, as well
as selected secondary particles produced in the voxel. In principle, such
a particle might be a primary from the source but also a secondary
produced in another voxel. The implementation of this process in Freb,
Garte and Fuuka differs.

The implementation of the spectra scorers in Frep was developed
in the MC kernel source code. We utilised the functionality of Frep
that a 24-byte buffer is attached to each new particle produced in
the source. This buffer follows the particle and it is inherited by any
secondary particle produced. The buffer is updated with the energy
deposition and track length while steps are taken in a given voxel, and a
requested quantity is calculated every time the particle leaves the voxel
or is stopped from being tracked in case of energy below the tracking
threshold (Ey;,, < E{i ). The value of the calculated quantity is added
to the histogram of the given voxel, and the buffer is reset.

The final results are stored in an Insight Toolkit (ITK) vector im-
age [43] and saved to a Meta Image (*.mup). The ITK vector image is
usually a 3D image, for which each voxel is a vector, describing the
histogram in our study. Additionally, an automatic routine compresses
the output files utilising the ITK compressing routine. The binning of
the histogram must be defined before starting the simulation and can

be in linear or logarithmic scale. The implementation allows scoring a
histogram of a given quantity for each voxel of a voxelized geometry.

The implementation in Gate was prepared based on existing scorers
(known as actors in the GATE environment), and no new scorer was
developed. It relies on the phase space actor attached to a cuboid
region representing a voxel, positioned in a uniform phantom or a CT
scan at the position of the investigated voxel and made of a given
material (e.g. water or HU material). The resulting phase space con-
tains information on each step taken by Geanrt4, including the particle
type (PDG code [44]), deposited energy (e,), step length (/,), and the
step starting and ending kinetic energy (E,f,.ne and Efiﬂe). Moreover,
it contains the IDs of the event, the current tracked particle, and its
parent particle. Based on this information, we developed a routine to
identify and assign a unique ID to each proton that enters the cuboid
region, including all the secondaries produced by the proton, whereby
any secondary proton produced in the region is treated as a new entry.
Grouping the results for the unique ID, it was possible to calculate any
quantity described below and to produce the desired spectra in a given
voxel.

The implementation in FLuka was prepared retrieving the informa-
tion about the needed quantities in a specific region of a given material
by using the scoring functionality provided by the software, namely the
MGDRAW routine. For each simulated step, FLuka provides information
about various quantities for which scoring is desired, such as: position A
and B, track length (1,), energy (E;C“’.nc and Efim), deposited energy (e,),
parent particle ID, particle type, and region of membership. Addition-
ally, similarly to Garte, the code assigns an ID to each simulated particle.
Through an external analysis code, we performed post-processing of the
simulated data and grouped the information related to the same particle
throughout its evolution within the voxel of interest, assigning a unique
ID to each particle. As with Gars, starting from this data, we calculated
the information regarding the quantities described below and obtained
the spectra shown in the different regions.

2.3. Scoring quantities definitions

The scorers of the quantities described below were implemented and
compared between Frep, Gate and FLuka. They are split into two groups:
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quantities describing the fundamental physical interactions of a particle
in the voxel material and various methods of calculating the LET of a
single particle. Refer to Fig. 1 to visualise the calculation methods.

2.3.1. Fundamental quantities

Kinetic energy

It takes into account the kinetic energy of protons in a voxel and
is implemented with two options to score the kinetic energy of
each proton entering a voxel (EI’;"’.M), i.e. kinetic energy at the
beginning of the first step, or additionally, the initial kinetic
energy of secondary protons produced in this voxel (EI" &

kine
d :
E,’::;’E) are also considered.

Deposited energy

It scores the spectrum of the total deposited energy of protons in
a voxel. It considers separately all protons entering a voxel and
secondary protons produced in a voxel. The deposited energy of
a single proton in a voxel is calculated as:

S

Edep = Z € (l)

s=1
Track Length

It scores the spectrum of the total track length of protons in a
voxel. It considers separately all protons entering a voxel and
secondary protons produced in a voxel. The track length of a
single particle in a voxel is calculated as follows:

S
L=Y1 . ®)
s=1

2.3.2. Linear energy transfer

The LET of a charged particle is defined for a given particle type and
energy in a given material [45, chap. 4]. A single voxel is homogeneous,
and a proton travelling the voxel loses its energy continuously at the
macroscopic scale and in steps in MC simulation. The proton LET will
change from step to step. Therefore, calculating an average LET value,
even for a single proton in a given voxel is necessary. We investigated
a few ways of averaging, following the methods proposed by Cortés-
Giraldo and Carabe [46] and Cortes-Giraldo et al. [47]. They define
three methods, called ‘A’, ‘B’, and ‘C’, for calculation of the LET,, but
instead of calculating the LET, for all protons depositing energy in
a voxel, we calculate unrestricted LETZp for each proton separately.
Hereafter, we refer to the single particle LETZp calculation in the same
way as methods ‘A’, ‘B’, and ‘C’.

Method A: averaging over each step

The LET of a single proton is calculated for each step and then
averaged by the total energy deposited. The LETZp of a single
particle is given by:
Ky
y S e
N
s=1 l“

sp _
LET," = — . 3
2
s=1
Method B: averaging over total track

The LETZP of a single particle is calculated as the ratio of its total
energy deposition to total track length within a voxel, i.e.:
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DM
Mﬂ}

LET = =— . @

'M(’i
Pl

Method C: averaging stopping power with deposited energy

The spectrum of LET for each step is calculated as the electronic
stopping power, SP¢, taken from the precomputed electronic
stopping power tables, for the arithmetic mean kinetic energy of
. . et

the values at pre- and post-step points, i.e. E;,, = (E} +EE )-
0.5. The LET is then averaged by the total energy deposited, and
the LETZp of a single particle is given by:

Ky

SP(E,
Z s ( kine) =

s=1
S
e
s=1

Methods A and B become equivalent when only a single step is
taken within a voxel (pre- and post-step points at the voxel boundaries).
Moreover, unlikely the LET, calculation for many particles, the track-
averaged LET for a single particle, LET, calculated with methods
A and B are equivalent and the same as LETZlD in method B. More
information can be found in the supplementary materials.

LET;" = (5)

2.4. Spectra validation in uniform media

For the sake of validation, the spectra of various quantities have
been calculated in water and three tissue-equivalent materials, i.e. lung
(inflated) [48-50], brain (white matter) [51], and skeleton cortical
bone [48-50]. The densities of the materials were defined as 0.23 %,
1.04 £, and 1.92 £, respectively. The compositions of the tissue-

equivalent materials are given in the references, whereas in Gartg,
we used the G4 WATER material for simulations in water. All the
simulations were performed with a monoenergetic, parallel proton
pencil beam of size ¢ = 6mm in a 1.5 x 1.5 x 1.5mm? voxel grid
geometry. The results of simulations in Frep, Gate and Fruka have been
compared for selected voxels. The selected results are shown in the
Results section, whereas the comprehensive comparison of spectra for
all quantities defined above for uniform phantoms made of various
materials is presented in the supplementary materials.

2.5. Clinical considerations on LET} spectra

To consider and validate the LET spectra calculations for clinical
IMPT plans, we evaluated single particle LET for spread-out Bragg
peak (SOBP) in water and a patient treatment plan simulated in the
voxelized patient CT geometry. Both irradiation plans were prepared
in the Varian Eclipse v. 16.1 treatment planning system. FrRep and GATE
MC simulations were performed utilising clinical beam models [28]
of the CCB proton therapy centre. Since the clinical beam model has
never been implemented in FLuka, the clinical treatment plans were not
simulated with Fruka. To avoid statistical fluctuations of LET spectra
calculation in a high resolution voxel grid of 1.5 x 1.5 x 1.5mm?, each
pencil beam was simulated with 10° primaries.

The SOBP was planned to uniformly cover a dose cube with the
range in the water of 12 cm, modulation 5 cm, and lateral size 5 x 5 cm?.
LETZP spectra in four selected voxels were investigated: proximal to the
SOBP, in the middle of the SOBP (at the isocentre), and at the SOBP
distal and lateral edges.

For clinical consideration, we selected a skull-based patient with
necrosis imaged in the post-treatment follow-up MRI [14, see results
for patient no. 63]. The patient was treated in CCB in Krakéw, Poland.
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The treatment plan was prepared with four fields consisting of 8300
proton pencil beams with energies in the range 70-154 MeV. Three
voxels were investigated for the comparison between Frep and GATE:
one approximately in the middle of the necrosis and two outside,
having similar LET, value of 3.7 + 0.1 keV /um.

2.6. Calculation resources and performance

MC simulations in Frep were run on two NVIDIA Tiran Xp GPU
cards. The calculations in Gate or FLuka were performed using various
resources equipped with 10-400 InteL® Xeon® processors. The patient
case was calculated on the Ziemowit cluster located at the Laboratory
of Bioinformatics and Computational Biology at the Silesian University
of Technology in Gliwice, Poland, using 400 CPUs. The calculation per-
formance was assessed as the tracking rate computed by each software
platform and defined as the number of tracked primaries per second,
as well as the total execution time of the software. Additionally, the
sizes of output ITK vector image files calculated with Frep, containing
spectra for each voxel of a voxelized geometry were evaluated.

3. Results

Here, we show selected spectra simulated in Frep, GATE and Fruka
in uniform media with single pencil beams, and with Frep and Gate
in a water phantom with SOBP plan, and in a voxelized patient CT
geometry with IMPT plan. The comprehensive comparison is presented
in the supplementary materials. Eventually, we show the performance
of GPU-based MC simulations that allowed consideration of the LETZp
spectra in voxelized geometries in clinical IMPT treatment plans.

3.1. Spectra for single pencil beam in uniform materials

The spectra of selected quantities at given points in water, irradiated
with a single monoenergetic, 120 MeV pencil beam, are presented
in Fig. 2. The spectra of the LET’, calculated with method C, in four
voxels are presented in the upper part of the figure. The lower part
presents the spectra of other quantities at the dose maximum voxel
only, i.e. at the Bragg peak depth of 105.75 mm. It includes spectra
of the kinetic energy of the incoming protons, deposited energy, track
length, as well as LET} calculated with three methods.

The LETZp spectra exhibit two peaks: the low-LET part shifting
to the higher values while decreasing the mean protons’ energy, and
the high-LET peak which does not move significantly but is more
pronounced with increasing depth. The first peak is created by protons
crossing a voxel, mostly primaries, and the particles stopping in the
voxel, mostly secondaries, are responsible for the second peak. The
kinetic energy of the incoming protons and deposited energy spectra,
shown in the lower part of the figure, are strictly correlated. Most
protons entering the maximum dose voxel have kinetic energy around
20 MeV, and deposit energy around 7-10 MeV, which means they cross
the voxel. This is reflected on the track length spectrum exhibiting
a peak at 1.5 mm, which is the voxel size. However, a significant
fraction of lower energetic protons entering the maximum dose voxel
or produced in it are present, which is pronounced with the high-LET
peak on the LETZp spectra. Moreover, its position depends on the
implemented calculation method.

The Fig. 3 shows the spectra of selected quantities simulated in
three tissue-equivalent materials with 100 MeV monoenergetic pencil
beam. Only the spectra at the dose maximum voxel are shown, i.e. at
the beam axis and the Bragg peak depth of 159.75, 33.75, and 18 mm
for lung, brain, and skeleton cortical bone materials, respectively. The
same quantities are shown in the figure as for the simulations in water,
except for the LETZp spectra, where we show them for the method C
calculation only, for clarity.
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3.2. Spectra for clinical irradiation plans

We present only the LET) spectra calculated in Frep and Gate with
method C for the complex irradiation plans in water and patient CT.
Fig. 4 presents the spectra at four selected points for SOBP irradiation
in water.

The LETZP spectra at three points in the patient voxelized CT geom-
etry, calculated with the patient treatment plan, are presented in Fig.
5, along with the biological dose and LET, spatial distributions.

3.3. Calculation performance

The performance of the spectra simulations for each voxel of a
voxelized geometry in Frep and phase space simulations for selected
voxels in GaTe and Fruka are presented in Table 1. The single pencil
beam simulation time in Frep on two GPU cards is about one minute,
while the same simulation in Gate and FLuka on 10 CPUs took 3-14 h
depending on the phantom material. The SOBP simulation in Frep
took eight minutes and 33 h in Gate using 20 CPUs. The patient case
simulation took 1 h 23 min in Frep and 27 h in Gate using 400 CPUs.
The tracking rate achievable by Frep is of the order of 10° primaries per
second while Gark or FLuka tracking rates using multiple CPUs are in the
range 103-10* primaries per second, depending on the computational
resources.

The file sizes of the ITK vector images calculated with Frep de-
pend on the number of voxels of a given phantom, the number of
bins of the histogram and the voxels occupancy. The simulations in
uniform phantoms (SPB and SOBP in Table 1) were conducted with
similar energies and depending on the material, the phantom size was
adapted to stop the beam in it. For instance the water phantom size
was 35 X 35 x 75voxels and the phantom made of lung (inflated)
material was 35 X 35 X 234voxels, always keeping the voxel size
of 1.5 x 1.5 x 1.5mm?. The file sizes of the ITK vector images for
single pencil beam simulations in various materials are in the range
of 10-180 MB, which are compressed by a factor of 3 to 21 times.
The output file of the SOBP simulation occupied 152MB and 84 MB,
before and after compression, respectively. The patient case simulation
output file needed even 2.5GB of disk space but was compressed to
only 203 MB.

4. Discussion

We demonstrated that GPU-accelerated MC code Frep enables the
calculation of single particle LETZP spectra for precise characterisation
of mixed radiation fields produced by therapeutic proton beams. We
have shown that, regardless of LET definition, the LETZp spectra pro-
duced by a single proton pencil beam and IMPT radiation fields can
be precisely computed using Frep in various materials and positions
in uniform phantoms and heterogeneous patient geometries. Moreover,
we showed that LETZp spectra scored and stored in 4D matrices can be
efficiently calculated on a fine calculation grid (1.5 x 1.5 x 1.5mm?),
providing sufficient statistics in a clinically acceptable time of about
an hour, compared to several hours required for general purpose MC
on computational cluster equipped with hundreds of CPUs. Here, for
validation purposes, we used high simulation statistics, 10° primaries
per pencil beam, as well as fine bin and voxel grids. The spectra
simulation time in patients can be further reduced to a few minutes,
decreasing simulation statistics and the number of bins, as well as
increasing the voxel size. The excellent agreement between LETZp
spectra calculated using Gate, a well-established general purpose MC
code based on Geant4, FLuka, and the GPU-accelerated MC code Frep
demonstrates that the implementation of physics models in Frep, as
well as scoring methods are correct and valid (see Figs. 2-5 and sup-
plementary materials). Minor deviations are related to the differences
in the stopping power implementations, which include the stopping
power table and methods of their interpolations in Frep, Geant4 and
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Fig. 2. Spectra of various quantities for a single monoenergetic pencil beam in water (120 MeV, ¢ = 6mm, 10° prim.), simulated in Frep for all voxels and in Gate and Fruka for
the selected voxels. The upper panel shows the spectra of the LETZp calculated with Method C at four selected points. The lower panel in the green frame presents the spectra of
other quantities, i.e. kinetic end deposited energy, track length and LET;p computed with methods A, B and C for the voxel at the maximum dose position.

Table 1

Calculation performance summary for all simulations in Frep, Gate and FLuka conducted in this study. All the simulations in Frep were performed
utilising a desktop machine with two NVIDIA Tiran Xp GPU cards. The resources columns (res.) denote the number of CPU threads used for
calculation. Simulations in Gate and Fruxka employed INTet® Xeon® processors, i.e. E5-2630v4, E5-2660v3, and E5-2687 W, for CPU' mounted
in a desktop computer, CPU? in the Ziemowit computer cluster, and CPU* used for FLuka simulations, respectively. TR means the tracking rate
given as primaries simulated per second. Sub- and superscripts for single pencil beam (SPB) cases calculated in Frep denote the maximum and
minimum values for 16 runs of the same simulation.

Simulation FrED GATE Fruka

Time TR res. Time TR res. Time TR
SPB in water 35*s 36752 -10° 10x cpU' 3h L1-10* 10 x CPU® 7h 46-10°
120MeV, 108 prim
SPB in lung 91%3s 1.2%004. 100 10x cpU' 14h 1.9-10° 10 x CPU? 16h 20-10°
100 MeV, 10® prim
SPB in brain 32*s 4.0*02 - 10° 10x cpU' 5h 5.5.10° 10x CPU? 5h 5.7-10°
100 MeV, 10® prim
SPB in skeleton 29%3s 4.4%05.10° 10x cpU' 4h 7.1-10° 10x CPU? 5h 7.0 10°
100MeV, 10% prim
SOBP in water 8.3min 40-10° 20 x CPU' 33h 165 - 10* - - -
1.92 - 10° prim
Patient case 83 min 1.7-10° 400 x CPU? 27h 8.5-10* - - -

8.3 10° prim
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Fig. 3. Spectra of selected quantities for a single 100 MeV pencil beam in the lung (upper row), brain (middle row), and skeleton cortical (bottom row) materials, simulated in
Frep, Gate and FLuka at the maximum dose position (at the Bragg peak depth along the centre of the beam path). The left column presents the spectra of the kinetic energy of
protons entering the voxel and their deposited energy. The middle column shows the spectra of the track length. The LETZp spectra calculated with the method C are shown in

the right column.
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Fruka kernels (see, for example, Fig. 3, bottom-right panel). According
to our investigation, the high-LET peak is produced mostly by low-
energetic protons stopping in the voxel, mostly secondary protons. The
amplitude of this peak with the relation to the main peak depends on
the composition of the material and its density, which determines the
generation and energy of the secondary protons, as well as the transport
in the medium. The presented methodology and implementation of the
spectra scoring for proton beams can be extended to heavier ions used
in radiotherapy, e.g. carbon or oxygen ions, within the frame of the ion
branch of the Frep MC code [30]. The implementation of the spectra
scorers presented in this work can be shared with researchers upon
reasonable request.

The Frep MC performance depends directly on two main proper-
ties of a GPU unit: the number of processing cores and the number
of texture units. Present GPU developments are strongly driven by
Al applications, which favour some hardware solutions, such as the
tensor cores, that do not have a significant impact on the calculation
performance. Whilst the number of texture units per streaming pro-
cessor seems to have its growth saturated, the tracking rate of the
platform would surely benefit from the increased number of cores and
frequency clock, which will increase the single precision floating point
performance of GPU units. Similarly, the increase of allowed registers
per execution thread will allow for a higher GPU occupancy presently
limited by the scarcity of that resource.

The MC simulation workflow can be configured with various param-
eters, considering, e.g., the selected physics, secondary production cuts
or simulation and scoring voxel size. In our work, we used the standard
settings for a patient treatment plan recalculation (as presented in
Section 2.5), however, the selection of these parameters may impact
the LET spectra. The impact of the electron, positron and gamma
production cuts on the LET spectra calculated with the three presented
methods has been presented in the upper row of Fig. 6 for a single
voxel in the maximum dose position of the Bragg peak produced in
water by monoenergetic 120 MeV proton pencil beam, analogously to
the beam presented in Fig. 2. Because the LET spectra are calculated
in our work for the primary and secondary protons only, the impact
of the production cuts on the spectra shape is negligible. The impact
of the voxel size on the same quantities is shown in the lower row of
Fig. 6 for the middle of the SOBP presented in Fig. 4. The impact of the
voxel size is negligible for low-LET peaks produced by primary protons,
while it is more pronounced in the high-LET region produced by the
secondary protons. The high-LET peak appearance on the LETZP derives
from the calculation method adapted in this work, where the real track
length of a particle is used for the LET calculation. The peak would
be not pronounced when a constant track length is used, for instance,
when calculating the lineal energy with a constant mean cord length.

The change of the LET spectra with the voxel size is expected as the
radiation quality differs in various points of the mixed radiation field
of the SOBP. The selection of the voxel size results from the clinical
standards that require experimental and simulation precision of about
1 mm. We selected a 1.5 x 1.5 x 1.5 mm? voxel size following Gajewski
et al. [28], being a good balance between the calculation precision and
time performance.

The results of the implemented spectra scorers in Frep MC were
compared with the results calculated in selected positions by the GAtE
and Fruka MC codes for protons. As presented in this work, the proposed
method of proton spectra calculation has no substantial limitations
on the hardware, software, and physics model sites. However, spec-
tra calculation can have limited precision for heavier ions used in
radiotherapy, e.g., helium, carbon or oxygen beams, due to limited
physics data on ion fragmentation in the therapeutic energy range.
To evaluate the proposed approach for a broader range of clinical
scenarios, meaning to score primary and secondary particle spectra
produced by heavier ions, the implemented spectra scorers would need
to be tested with different MC codes, e.g. GaTE, that plan to implement
spectra scorers in the future openGATE releases. Moreover, the per-
formance of general-purpose MC codes like Gate/Geant4 or Fruka will
require a computational cluster with hundreds of CPUs to recalculate
a large cohort of patients and to achieve statistical significance of
the spectra comparison. Since the state-of-the-art TPS workstations
are increasingly often equipped with GPU hardware, integration and
execution of the proposed methodology in the existing clinical TPS
should be feasible. More challenging remains the modification of the
clinical treatment planning workflows, including the development of
radiobiological models and optimisation algorithms considering single
particle spectra information, as well as the experimental methodology
for single-particle treatment plan verification. Nevertheless, introduc-
ing single-particle information in proton and ion radiation therapy
is substantial progress in the accuracy of proton and ion therapy
simulations and radiation quantification, in general.

While our work shows the feasibility of advanced LET computations
in the clinical environment, experimental validation and future transla-
tion of LET evaluation methods in the clinic remains a challenge. Over
past years, several groups have demonstrated the ability to validate
experimentally the microdosimetric quantities or LET, using detectors
still in the prototype phase, while both the measurements and calcu-
lations in a clinical environment must follow a strict implementation
based on compact and user-friendly devices and fast software. The
current possibilities of LET experimental determination with respect to
the needs for quality assurance in particle therapy are addressed in a
review paper by Christensen et al. [52], suggesting also the areas of
future research and developments. Nevertheless, the LET scoring in MC
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must follow the methodology of the measurement and data analysis,
specific for a given detector technology. The feasibility of a single
quantum-sensitive pixelated semiconductor detector for LET spectra
evaluation has been recently demonstrated [53], and can be considered
as an experimental method that is complementary to the presented here
fast LET spectra scoring technique. The applicability of the Timepix
technology has been recently demonstrated as a simple device for the
LET quality assurance in IMPT [54].

The high-precision single-particle evaluation may become an es-
sential tool for understanding the biological effect of the high-LET
component of mixed radiation fields produced by protons. The state-
of-the-art RBE models and LET-based treatment plan optimisation ap-
proaches focus on averaging LET over all particles deposition energy
in a voxel, neglecting the stochastic nature of radiation, i.e., the fact
that the low-LET component of proton field scales with dose as for
photons, while high-LET component, specific for protons at the end of
their range, is responsible for irreparable complex DNA damage, and
does not scale with dose [3]. As the insight to this, we have shown
that in the case of an IMPT treatment plan in a patient, for the same
LET, that suggests the same radiation quality, the LETZp spectra may
differ in voxels. This may be further investigated and eventually help
to reach a consensus, for instance, on the correlation between high-LET
regions and image changes observed on follow-up MRI [1].

While considering single particles may impact the quality of pro-
ton therapy treatment planning, it may have much more significant
implications on LET-based carbon ion treatment planning due to the
presence of mixed radiation fields consisting of primary high-LET
particles as well as the high-LET secondaries generated by the pro-
jectile and target fragmentation. Here, we demonstrate and validate
the fast computational tool for per-voxel single-particle evaluation for
proton treatment plans, offering sufficient performance to be applied
in the clinical environment. The presented methodology is useful, for

instance, for scoring of dose deposition spectra required by micro-
dosimetric kinetic model (MKM) [55] used in biologically weighted
treatment planning or the nanoscale parameters calculation, required
for the recently proposed cluster dose formalism [20]. The approach
can be also efficiently used for scoring the lineal energy spectra in
voxelized geometries aiming at utilising these information in lineal
energy spectrum-based proton biological effects modelling [56]. It is
out of the scope of this manuscript to utilise the LET spectra for
assessment of biological effectiveness in proton and ion therapy by
these approaches. Nevertheless, the presented methodology is applica-
ble regardless of the approach for modelling biological effectiveness.
Overall, the presented methodology paves the way for the development
and clinical implementation of new radiobiological models or LET-
based treatment plan optimisation methods that precisely consider low-
and high-LET components of the radiation field.

5. Conclusions

Advanced MC techniques have been used to evaluate the spec-
tra of quantities characterising mixed radiation fields produced by
therapeutic proton beams, including the LET spectra. MC simulations
and analysis of the particle spectra provide more comprehensive in-
formation on the mixed radiation fields produced within the human
body. The presented methodology paves the way for a better un-
derstanding of the biological effect of radiation in tissues and may
help optimise radiation therapy treatment planning and minimise the
risks of radiation-induced side effects. Overall, the development and
application of advanced MC techniques for radiation quality evaluation
is a promising area of research opening potential for improving the
quality of cancer treatment in the future.
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