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Abstract

Charged particle therapy is well known for precise dose delivery to the tumour, while simultaneously
increasing sparing of surrounding healthy tissues, compared to high energy photon beams. As
a constantly evolving technology, new research challenges must be addressed in order to further
optimize treatment outcomes. These challenges include improvement of dose calculation accuracy
for treatment planning, development of independent quality assurance methods, as well as evaluation
of the biological effectiveness of a treatment. A significant part of such research can be carried out
using particle interaction and transport simulations. Monte Carlo (MC) codes, which are considered
as the ’gold standard’ in radiation therapy, can help bridge research gaps. As such an improvement,
the development and application of MC codes for charged particle therapy are presented in this
thesis. Specifically, this thesis is focused on the development and application of a Patient Specific
Quality Assurance (PSQA) tool for scanned particle beam delivery, as well as benchmarking and
application of a new radiobiological model for proton and ion beam therapy - BIANCA.

The general purpose MC code FLUKA was selected to pursue this research. FLUKA profits from
its recent developments in charged hadron interactions an transport models, at the therapeutic
energy range. During the course of this work, the code was upgraded and several new features were
subsequently implemented. As a result, the code was able to simulate a full set of treatment beamlets
for an active beam scanning technique for proton and ion beam therapies. The performed study was
finalized with development of the FLUKA Particle Therapy Tool (FPTT), which enables simulation
of realistic clinical treatment planning scenarios using a voxelized patient geometry. A next step
for PSQA development involved an application and a validation of the FPTT, i.e., benchmarking
studies were performed using data sets from two particle therapy facilities - Trento Proton Facility
and CNAO. The beam parameters were modelled in FPTT and compared with commissioning data of
the respective clinical Treatment Planning Systems (TPS). Further evaluation included simulations
of four clinical treatment planning scenarios in FPTT: two proton chordoma cases (one from each
facility), where small differences between FPTT calculations of dose deposition and TPS calculations
were noticed; one proton head-and-neck case (using a range shifter), where significant differences
between TPS and MC calculations were highlighted and discussed; and one chordoma carbon ion

case, where biological dose calculations were performed using the clinical radiobiological model - LEM



I. In addition, a research application related to the dose-averaged Linear Energy Transfer (LET) was
presented on a carbon ion case. Overall, the FPTT was proved to be reliable and well-integrated
with the FLUKA MC code. It supported an import of particle therapy treatment planning data,
adjustment to the user’s requirements, and translation into FLUKA input file, without superior
experience in the MC simulations. Finally, it proved its usability for a complex treatment plan
scenarios in a PSQA simulations and research applications.

The second part of this thesis focuses on the radiobiological effectiveness of proton and ion beam
therapies, presenting an upgrade and a benchmarking of a research biophysical model, BIANCA. An
accurate description of underlying phenomena is crucial for evaluation of tumour control probability
and normal tissue complication. First, the BIANCA model was expanded to new ion species, and
various cells of interests. This was followed by an integration with the FLUKA MC code and the
FPTT. Subsequently, BIANCA cell survival predictions were benchmarked against experimental
data of Chinese Hamster Ovary Cells (CHO) irradiated by two opposed fields of proton or carbon
ions. The results showed that the prediction of BIANCA and LEM I models were comparable, and
the BIANCA model was in good agreement with the experimental data. The second benchmarking
study compared the outcome of BIANCA modelling with cell survival of the rat spinal cord, following
proton or carbon ion irradiation. In this case, the BIANCA model was again in a very good agreement
with the data, well reproducing the trend of the RBE-dose and the RBE-LET dependence. This
work provided a baseline for the first application of the BIANCA model to carbon-ion patient cases.
Three cases from CNAO facility were chosen: a chordoma, a head-and-neck, and a prostate case.
BIANCA Relative Biological Effectiveness (RBE) predictions were calculated, based on chordoma
cell survival (RBFEgyr ), or on dicentric aberrations in peripheral blood lymphocytes (RBE,;), which
are indicators of late normal tissue damage. Simulation outcomes were compared with those provided
by LEM I. Overall, results suggested that, if RBF,,, is used to evaluate the beam effectiveness at
killing tumour cells, and RBE,;, is used to estimate (late) normal tissue damage, BIANCA provides
lower RBE-weighted doses (with respect to LEM I) in the tumour and in the entrance channel;
whereas in the Organs at Risk, BIANCA and LEM I provide very similar values. The presented
work, and previous benchmarking studies, are encouraging, suggesting that BIANCA can be applied
for radiobiological optimization of carbon ion treatment planning, using RBE database based on
cell-specific tumour cell survival and RBE database based on normal tissue aberrations.

In summary, this thesis resulted in implementation of a MC-based tool for particle therapy, that can
be used for clinical and research applications, supporting dose distribution calculation for PSQA
purposes, and evaluation of the biological-weighted dose for ion beam therapy. In addition, the
final chapter showed that MC codes can support the development of prototype accelerators, and its
commissioning in a commercial TPS. As such, the research presented in this thesis bridges certain

gaps in particle therapy by providing solutions using general-purpose MC code.
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Chapter 1

Introduction

While the main causes of cancer are late age and increased exposure to risk factors (such as pollution,
sunlight, obesity, alcohol, and tobacco), the most of these factors cannot be avoided, and the number of cancer
incidents in the world increases each year. With 29.5 million cases projected in 2040 [34], the 5-year survival
rate for patients in the European Union between 15-75 years old, is above 50 % [35]. This improvement cannot
be achieved without the continuous development of cancer therapies. Currently, cancer treatment involves a
combination of different types of therapies, including surgery, chemotherapy, radiotherapy, immunotherapy,
and hormone therapy. It is estimated that more than half of the cancer patients will undergo radiotherapy
during their oncological treatment [3, 36, 37]. Aiming to irradiate and kill tumor cells while sparing normal
tissues. In addition to radiotherapy, the combination of radiotherapy and immunotherapy has recently
yielded promising outcomes [38§].

Conventional radiotherapy began in 1895 [39, 40]. A few months after Wilhelm Roontgen discovered X-rays
[41], the first patient in Chicago was irradiated (but without success) by Emil Grubbe from local relapse of
breast carcinoma [42]. Leopold Freund in Vienna, a few months later, at 1896 [43] performed a successful
treatment of naevus pigmentosus piliferus using X-rays. Hadrons were not used for medical purposes until
1946 when Robert Wilson proposed the use of accelerated protons for cancer treatment [44]. He reasoned that
the peak in the depth-dose deposition profile discovered for alpha particles by William Bragg 33 years earlier
(called the Bragg peak) could be advantageous for a fixed and controllable beam range. In conventional
radiotherapy with X-rays, the maximum deposited dose is located at the patient’s skin proximity, decreasing
with depth, whereas for charged hadrons, the sharp dose deposition peak is placed at the end of the particle
range (see figure 1.1). This depth-dose profile allows more precise targeting of deep-seated tumors, as well
as better sparing of normal tissues, which decreases the risk of secondary malignancies. The first attempts
of the clinical use of protons were made in 1954 at the Lawrence Berkeley National Laboratory (LBNL) in
the USA [45]. Since then, several different ions have been tested, ranging from helium to argon [46, 47, 48].
At the beginning of particle therapy, patients with cancer were experimentally treated at the LBNL research

institute for nuclear physics; however, the facility was not optimized for medical purposes. The first medical
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Figure 1.1: The Bragg peaks of proton, helium ions and carbon ion beams plus photon depth dose
profile. Reprinted from [1].

hospital-based hadrontherapy ! facility opened at the Loma Linda University Medical Center in 1991. Owing
to the design provided by the Fermi National Accelerator Laboratory, the Medical Center was able to
accelerate protons up to 250 MeV. The center has obtained satisfactory clinical outcomes [49, 50]. Next years
brought several innovations, such as the development of the pencil beam scanning at Paul Scherrer Institute
(PSI) [51] (which subsequently replaces passive scanning techniques) and the clinical implementation of
carbon ion treatments, first at the Heavy Ion Medical Accelerator (HIMAC) facility (by Japanese National
Institute of Radiological Sciences (NIRS)), Japan in 1994, and then in Europe at GSI in Darmstadt, Germany
in 1997. Today almost 100 proton facilities and 13 carbon ion centres are in operation, 30 proton facilities
and 6 carbon ion centres in construction, at the same time helium ions, are already implemented at HIT,
Germany for patient treatment. As a result of favourable outcomes, particle therapy ? became a popular
cancer treatment technique, reaching currently over 250 thousand patients treated by protons, and over 40
thousand treated by different types of ions [52].

Nowadays, there are still several challenges in charged particle therapy, including the development of more
precise and faster particle accelerators, improvement of calculation accuracy for delivered dose in treatment
planning systems and its verification, determining the biological effectiveness of a treatment and advancement
in imaging for radiotherapy, which overall will allow to decrease safety margins. A significant part of the
research for these developments include particle interaction and transport simulations, since the research
time in ion beam therapy facilities is limited. In other words, many solutions to these problems can be
found with Monte Carlo Techniques. Therefore, the main aim of this thesis is to bridge the gaps in particle
therapy using Monte Carlo methods, which are known for their superior and accurate modelling of particle

interactions and transport in matter, in comparison to analytical modelling.

1Hadrontherapy - the term hadrontherapy was coined by Ugo Amaldi in 1992 to collect all non-conventional
therapies with proton, ion, pions or neutron beams

2Particle therapy - refers to charged particle therapy, a non-conventional radiotherapy using charged particles such
as protons or light ions
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1.1 Monte Carlo Methods

Monte Carlo (MC) is a numerical method for calculating integrals based on random number sampling [53].
MC techniques are widely used in natural sciences because of their statistical approach, which is suitable
for studying random phenomena such as radiation transport [54].

The idea of stochastic sampling was invented in 1943 by Stanistaw Ulam, who further discussed it with
John von Neumann. They worked together with Nicholas Metropolis at the Manhattan Project in the Los
Alamos National Laboratory for theoretical calculations related to thermonuclear weapons research [55]. Von
Neumann, inspired by Ulam’s idea, implemented the method for the repetitive sampling generator, using
an early computer ENIAC (Electronic Numerical Integrator and Computer) [56], to apply it for radiation
transport calculations. The name Monte Carlo is derived from Ulam’s uncle, who constantly borrowed

money from relatives ’just to go to Monte Carlo’ [57].

1.1.1 Mathematical basis of Monte Carlo

A general schematic of the Monte Carlo method applies [54]:

e determination of the problem in mathematical terms

e interpretation of the problem, where the searched quantity (expected value (z)) is expressed as a
parameter of a distribution F(z)

e estimation of the expected value (z) via Equation 1.3 and its statistical uncertainty via Equation 1.4

e optimization of a calculation for reducing the computing time required to achieve a desired statistical
uncertainty

e generation of sufficiently large random number samples (distribution) to achieve a satisfactory small
level of uncertainty

e final estimation of a parameter (z) and its uncertainty

The Monte Carlo method is based on two fundamental statistical theorems: the Law of Large Numbers and

the Central Limit Theorem [58].

The Law of Large Numbers allows obtaining an estimate of the expected value (z), which is:

b
(z)z/ z(x)F(z)dx, (1.1)

where F(x) is the probability density function of the variable x.

Z is the average of the N results z(z), which is calculated as:

2= > e, (1.2)

i=1
where z; is sampled from F(z).

Finally, using the Law of Large Numbers:

lim z = (z). (1.3)

N—o0
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This implies that the average of the results obtained from a large number of samples should be close to the
expected value (z) when N — oo.
The estimate of the uncertainty in the expected value can then be calculated using the Central Limit
Theorem, which can be written as:
1 _ (=02
lim P(2) = —————=e 2°(=%/N, (1.4)

N OB
This indicates that for N — oo, the distribution of averages z of N identically distributed independent
random variables tends to a normal distribution with a mean (z) and variance o(z)*/N [59].
Random number samples are generated using a random number generator. The randomness of MC is
suitable for mimicking the complexity of stochastic phenomena. In reality, these numbers are not truly
random, which is why they are referred to as pseudorandom numbers. They must be uncorrelated, but
reproducible [60]. Typically, they still exhibit periodicity and generate the same sequence of numbers, but

nowadays it is possible to obtain a period that is sufficiently large for most applications.

1.1.2 Monte Carlo Methods for particle interaction with matter

Particle transport and interactions are typical representations of the stochastic processes. Setting an MC
simulation for a particle physics simulation resembles the setting of a virtual experiment, with a particle
source, a set of detectors in controlled conditions, and the possibility of iterating experiments as many times
as necessary [59]. The life cycle of each particle is described individually, from its creation, through a set of
undergoing interactions, modulating its parameters, until its destruction by i.e. absorption, discard, or any
other user-defined condition.

The particle parameters are described by position (z,y, z), linear momentum (pz, py, p-) and time (¢). Each
particle is followed on its path through the matter with small steps [59]. At each step, in accordance with
the modelled physical processes, the probability distribution, occurrence, and outcome of the interactions
are determined, which leads to a direction change, momentum reduction, ionization process, fragmentation
within the material, and production of secondaries. Subsequently, the next mean free path is calculated,
and a step length is obtained. These steps are repeated until the particle reaches the energy threshold
cut-off. Secondary particles created during the run are also placed in the simulation stack and treated in
the same manner. According to Equation 1.3, more particle tracks are simulated, more precise description
of its effects can be determined. Depending on the phase space and the quality to be evaluated, various
estimators can be considered, such as boundary crossing estimators (i.e., fluence estimation on a surface),
track length estimators (i.e., fluence in a region), pulse height estimators (i.e., a spectrum of the deposited
energy in a region), scalar integral estimators (i.e., deposited energy and inelastic interactions in a region),
and mesh/binning estimators (2D or 3D spatial distribution of a scalar quantity over a portion of a sub-
volume in a region) [59].

The accuracy of the simulations depends on the implemented physical models, realistic experimental geom-
etry description, energy cut-off values, and reasonable statistical accuracy. Depending on the complexity
of the modelled problem, a large number of particle histories may be required to obtain more precise esti-
mations. Although some methods, such as biasing (locally increased /decreased particle density), can speed

up the convergence, they need to be used with care to avoid overestimating the impact of the occurring
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phenomena [59]. MC methods also have the following drawbacks: particles do not interact with each other,
but they interact with individual electrons, atoms, nuclei, and molecules; the material properties are not
affected by the particle reaction; and particle transport is considered to be a Markovian process, meaning
that the fate of the particle depends only on its current state, not on past or future events [59].

Several general purpose MC codes are currently used for particle transport and interaction simulations.
FLUKA [61, 62, 63], GEANT4 [64, 65], and PENELOPE [66] are the most popular and provide sufficiently
detailed radiation simulation models. Many MC codes have developed interfaces dedicated to particle
therapy, including GATE [67], GAMOS [68], TOPAS [69], PTSIM [70](all based on GEANT4), and MCNP6
[71].

1.1.3 Monte Carlo in particle therapy

MC code entered the field of particle therapy in the late 70’s [53]. Since then, they have gained popularity
and are considered the gold standard owing to their dosimetric accuracy [72]. MC codes are particularly
suitable when measurements are infeasible or unavailable. Although the calculation time is still the main

drawback, they successfully found a niche in hadrontherapy applications such as [53]:

e development of accelerator and its beamline

e dose distribution calculations

e development of radiobiological models

e treatment planning validation and quality assurance
e detector development for image monitoring

e creation of databases for Treatment Planning Systems

For this thesis, the FLUKA MC code was selected because of its extensive use and validation at HIT
and CNAO particle therapy facilities: commissioning, validation, and generation of physical databases for
treatment planning systems [15, 16, 62, 73, 74, 75]. A more detailed description of the FLUKA code and
implemented physics models (within the scope of particle therapy) is provided in Chapter 2.

1.2 Physical basis of proton and ion interactions with matter

The general advantage of charged particle therapy over conventional therapies (X-rays and photons) is more
localized dose delivery and higher biological effectiveness. Low energy X-rays show a steep exponential
dose-decrease with depth, and high energy photons reach the highest and widest dose peak a few millimeters
from the patient’s skin; however, with a further slow dose fall-off within the depth. Hadrons, on the other
hand, with a very low entrance dose, a narrow dose peak (called Bragg peak) and practically zero dose at the
exit can precisely target the desired depth in the tissue by changing their kinetic energy. The target tumor
volume of any length and depth can be fully irradiated by delivering protons or ions with different energies
and directions, creating Spread Out Bragg peak (SOBP), as shown in Figure 1.2. This section provides an

overview of the physical basis for proton and ion beam therapies.
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Figure 1.2: Example of single field (a) and opposite fields (B) SOBPs of protons and ions such as
He-4, Li-6, Be-8, B-10, C-12, N-14, and O-16. Reprinted from [2].

1.2.1 Energy loss

As the ion traverses through matter, its electromagnetic forces excite and ionize media atoms, leaving them

in the excited state, while the particle loses its kinetic energy and slows down. In contrast to photons,

X-rays, or neutrons (which produce secondary charged particles and do not ionize atoms by themselves, but

only by secondary radiation), charged hadrons used in radiotherapy are capable of direct ionization of atoms

of the medium through which they traverse.

The average energy loss of a charged particle dE per unit path length dzr in a material is defined as the

stopping power [76]:

_dE
dx’

During the traverse, the energy deposition of ions can be described by three mechanisms [76]:

S(E) = (1.5)

e energy losses due to inelastic collisions with atomic electrons (collision stopping power Scoi) %, see
Figure 1.4

e cnergy losses due to energy transferred to the nuclei (nuclear stopping power Syy.ci),

e cnergy losses due to the bremsstrahlung mechanism (radiative stopping power Sprem)-
Particles heavier than electrons, with energies used in radiotherapy®, typically lose most of their energy
through Sco; . Shuct becomes significant for ions with energies lower than 10 keV /n, which means that at
the end of their range, energy deposition to the nuclei, as well as Sprem, which is important for electrons, is
negligibly small for protons and ions [76].
Scor of charged particles is described by the Bethe-Bloch formula for stopping power, first described by Hans
Bethe in 1930 [78]. In the following years, it was further enhanced for a relativistic version and shell and
density correction terms. For the scope of readability, the formula is described term-by-term. The general

equation can be written as:

3For heavy charged particles, the collision stopping power S..; is often called electronic stopping power S¢; [77]
4Energies below 500 MeV /n
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where:
K = 4xNarim.c® = 0.31[MeVem? /g, (1.7)

in which: N4 = 6.022 - 10%% is Avogadro number, r. = 62/471'60771562 =2.817-10"®m is a classical electron
radius, m. = 511keV is the electron mass, 8 = v/c is projectile particle velocity relative to the speed of
light, Z is the atomic number of traversed medium, A is the atomic weight of traversed medium, p is the

density of the absorbing material, z. is the charge of the incident particle in units of e.
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L and M correspond to various correction factors that are described below [76]:

L=Lo+2zL1+ 22Ls. (1.8)

Lo is the Bethe term that includes the basic stopping power formula [79]:

2 92
Lo=1In (%) —52—%—% (1.9)

Lo includes the following factors:

I denotes the mean ionization energy of the target. For liquid water, the value was recently experimentally

shown to be approximately ~ 78 eV [80].

C is the sum of the target shell corrections, which accounts for the effect of atomic bonds when the projectile

velocity is not larger than the velocity of the atomic electrons. At such energies, the assumption that an

electron is at rest is no longer valid. Hence, this correction is important for lower energy projectiles.

¢ is the density correction resulting from polarization. Polarization shields the outer electrons from the

electric field; therefore, collisions with these electrons do not significantly account for the total energy loss.

This correction must be included in highly relativistic projectiles [79].

zeL1 is a correction that considers the Barkas-Andersen effect [81]. This accounts for the smaller stopping

power of a negatively charged particle in comparison to a positively charged particle with the same mass

and velocity.

22 L5 is the Bloch (22) correction factor added by Felix Bloch [82]. Significant at lower energies.

Finally, M is a correction valid for relativistic projectiles with medium or heavy mass, and is correlated to

the electron-ion Mott cross-section [83].

At high velocities, the atomic electrons of the projectile are stripped off, and the charge of the particle equals

the atomic charge number Z. For lower velocities (~ 0.008¢), the projectile captures the electrons from the

target, and the charge between the medium and the projectile is redistributed - a partial neutralization of

the projectile charge takes place; thus, Z has to be replaced by z.ss, which is approximated empirically by

Barkas et al [81] as:

_2
Zeff :Z(l—e‘lmz 3). (1.10)

From the 1/8? ratio in equation 1.6 it can be observed that the energy loss increases with decreasing particle

energy. The maximum energy loss is reached for the particle energy:.

v =23y, (1.11)

where vo = €?/h is the Bohr velocity and 8 = e¢*/hc = 1/137 [3]. This results in a characteristic peak in the

last few millimeters of the particle path.

1.2.2 Energy loss straggling and range straggling

The distance travelled by the particle until it loses its kinetic energy is defined as the range. Assuming

slowing down of the particle, as a continuous process, the continuous slowing down approximation (CSDA)
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can be used [76] to determine the mean range of the particle based only on their stopping power and their

initial energy Fo. Range can be then defined as:

Rospa(E) = /OEO (%) ) (1.12)

All particles undergo statistical fluctuations in the energy loss within; thus, Respa(F) is an approximation.
This phenomenon is called energy straggling and causes the Bragg peak to broaden.
The relative target thickness parameter k defines the ratio between the mean energy loss AE and maximum

energy Fiae, which can be transferred by the projectile in a single collision with atomic electrons. K is
defined as:

k= AE/Ermas. (1.13)

In ’thick targets’ (when k > 10), the projectile undergoes numerous interactions, and loses small amount in
every single collision with the target electrons. For multiple processes, the energy loss distribution can be

modelled with a Gaussian distribution as follows:

f(AE) =

e 27 (1.14)
with a variance:

z
A

0% = ArNarimicpz* S Ax, (1.15)

where Az denotes the measured target thickness (mm).

For ’thinner targets, the Vavilov distribution [84] is used (0.01 < k < 10), and for even thinner targets
(k <0.01), the Landau distribution [85].

As a result of energy-loss straggling, range straggling occurs. As mentioned in Equation 1.14, for thick
targets, energy-loss straggling is approximated by a Gaussian distribution. Thus, the range straggling

variation ¢% is closely related to 0% via:

E; 2 -1
o _ [T (dog )\ (dE
o [ (%) (42 e (1.1)

The ratio of the distribution width or is proportional to the mean range R and inversely proportional to

the square root of the particle mass number as follows:

%:\/Lﬂf(]‘f&) (1.17)

where f is a function that depends on the absorber, and E and M are the particle energy and mass,

respectively. Thus, according to the approximation from [86]: for protons or = 0.012R§*° in water, for

heavier ions, the straggling effect is smaller. In tissues, the range straggling is approximately 1% of the mean
proton range, 0.5% of the mean helium ion range, and approximately 0.3% of the mean carbon ion range
[87].

Although observable, range straggling in tissue targets has a small impact on the quality of the therapeutic

beam and treatment itself. The impact of the beam production and delivery systems is often significantly
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larger, as is the density inhomogeneities in patient tissues, which will be discussed further in Sections 1.4.2,
1.4.4 and 1.4.3. As a result of these drawbacks, in a typical treatment planning scenario, beam stopping just
in front of the OAR should be avoided.

1.2.3 Lateral scattering

Lateral broadening
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Figure 1.5: Broadening of charged hadron beam: proton, helium, carbon ion. Reprinted from [1].

Charged particles, apart from undergoing inelastic collisions (as described in Section 1.2.1), also undergo
elastic Coulomb collisions, which deflect the projectile trajectory. For hadrons, small angle scattering has a
higher probability than large-angle deflection, and the sum of tens of collisions creates a lateral spread of
the beam and an angular divergence. This phenomenon is known as Multiple Coulomb Scattering (MCS).

The lateral distribution and the scattering angle 6 can be described by the Moliére theory [88, 89]. For small

angles (< 10°), the angular distribution can be approximated by a Gaussian distribution with o¢ [rad] given

by Highland et al [90]:
Z |z 1 T

where p is a projectile momentum, Z a projectile charge, and v = B¢ a velocity, = is a penetration depth in
the traversed medium, and L,qq4 is a radiation length (which can be found in Tsai et al [91]).

According to Linz et al [87], the lateral deflection of particles refers to the square-root function of the number
of nucleons. Hence, the lateral spread of helium is half that of protons, and the carbon lateral spread is 0.3
of protons, as can be seen in Figure 1.5. The MCS increases significantly with a decrease in the energy of the
particle owing to 1/8pc term. Moreover, it is worth mentioning that targets composed of heavier elements
cause larger deflection angles than those consisting of lighter elements [3].

In proton or ion therapy, MCS can be observed in elements of the beam delivery and control systems, and
in elements located in front of the patient (such as a range shifter and immobilization masks). Hence, for

low energies, these elements must be thin, made of light materials, and located as close as possible to the



CHAPTER 1. INTRODUCTION 11

patient. For higher energies, the tissue with significant inhomogeneities can cause significant broadening of

the beam.

1.2.4 Nuclear fragmentation

The probability of nuclear reactions is smaller than that of collisions with atomic electrons, although its
importance generally increases with the particle energy (larger penetration depths), primary particle mass
(heavier ions), and density of the medium. Nuclear collisions do not affect the position of the Bragg peak, as
this is driven by Equation 1.6, although they are responsible for the loss of fluence of the primary particles,
fragment production, and emerging secondary particles, which decrease, broaden, and create a tail in the
Bragg curve.

In general, nuclear reactions result in an exponential decrease in the fluence distribution of projectiles ®(x)

with depth z, described as follows:

®(z) = Boe VTR, (1.19)

where @ is the initial fluence, or is the total nuclear reaction cross section, and N is the atomic density.
This attenuation causes a decrease in the energy delivered at the Bragg peak with increasing penetration
depth.

The nuclear collisions in heavy ions differ depending on the projectile energy. For energies above 200
MeV /n, collisions are considered pure fragmentations, and their cross-sections are almost constant [3]. For
lower energies, other processes take part, which increase the cross-section, such as Coulomb scattering, deep-
inelastic collisions, or fusion reactions, for which a semi-empirical parameterization reproduces experimental
data [92].

For particle therapy energies, in general, all nucleus-nucleus collisions can be described by a two-step
abrasion-ablasion process, as shown in Figure 1.6. During the fast initial abrasion interaction, spectator
nucleons of the projectile and the target change little momentum, and in the overlapping reaction zone,
a fireball is created from the excited nucleons of the projectile and the target. Subsequently, the slower
ablation process takes part, during which the fireball, remaining projectile-fragment, and target-fragment
are de-excited by the evaporation of nucleons and clusters [3]. Owing to geometrical reasons, peripheral in-
teractions are the most common; however, central collisions also occur, leading to the complete destruction
of the target and projectile.

The secondaries created from the target fragment typically deposit their energy in proximity to the target
itself [93]. On the other hand, the secondary nucleons, particles, and fragments of the projectile have a
similar velocity and almost the same direction as the initial projectile. Hence, they travel beyond the Bragg
peak, depositing the rest of their energy, producing a fragmentation tail, which is explicitly visible for ions
[94, 95]. For protons, only target fragmentation is possible, which results in secondary protons, deuterons,
tritons, helium ions, alfa, or neutrons. However, for heavier ions, projectile fragments cause the build-up of
light fragments along their trajectory, which can cause further fragmentation reactions [96], see Figure 1.7.
Moreover, secondary fragments, with charge and mass lower than those of the primary beam, have a longer
range, which contributes to additional dose deposition visible in the Bragg peak tail. The heavier the ion,

the more fragments are produced, and consequently, ions heavier than oxygen are not considered suitable
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Figure 1.6: Abrasion - ablation process. Reprinted from [5].

for clinical use [97]. Helium is currently considered a good compromise between its biological effectiveness

and relatively low fragmentation cross-section.
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Figure 1.7: Build up of secondary fragments produced by 400 MeV /n carbon ion in water. Reprinted
from [6].

Another consequence of the fragmentation of the shape of the Bragg curve is that fragments contribute
to the lateral and longitudinal broadening of the beam [16]. In general, the angular spread of fragments
is narrow; however, lighter fragments, such as protons or helium ions, may contribute significantly to the
broadening of the beam at the distal part of the Bragg peak.

Due to the complexity, and lack of significant amount of measurements for ion fragmentation cross-sections,
for the therapeutic energy range, Monte Carlo models can be a solution for a correct reproduction of the
double differential cross-section for all emitted particles. MC can provide information on the expected impact
of the target fragmentation, not only for proton therapy (where measurements are accurate enough [92]),
but also for ion beam therapy, where projectile fragmentation with relatively high velocity becomes a major

problem for the dose distribution in normal tissues located beyond the Bragg peak.
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1.3 Biological basis of protons and ion beams in radiotherapy

Any tumor cell can be destroyed by radiation at a sufficiently high dose. This limitation comes from the
radiation tolerance of healthy tissues located close to the tumor. Therefore, precise charged particle therapy

has a clear advantage over conventional radiotherapy. It provides:

e better conformity of the target coverage with a high dose, which increases a Tumour Control Proba-
bility (TCP) - the probability that a given dose of radiation will provide a total control or eradication
of the tumour [98],

e limitation of a dose delivered to the organ at risk (OAR), which reduces the Normal Tissue Com-
plication Probability (NTCP) - the probability that a given dose of radiation will induce damage in
healthy tissue organs [98],

e decrease in integral dose, which lowers the risk of secondary tumours.

This section provides an overview of the biological basis of proton and ion beam therapies.

1.3.1 Basis of radiobiology

Cell deoxyribonucleic acid (DNA) is the most sensitive cell component responsible for encoding the genetic
instructions for cell function and development. It has a double-helix structure with two strands of nu-
cleotides composed of three parts: a deoxyribose, a phosphate group, and a nitrogenous base. Four types of
nitrogenous bases exist: adenine (A), guanine (G), cytosine (C), and thymine (T), which create pairs (A-T
or G-C) and connect nitrogenous bases in opposite strands. Radiation therapy works mostly by damaging

DNA, because cells with functional DNA damage cannot create viable daughter cells nor reproduce.

Figure 1.8: Different kinds of damage to the DNA caused by photons and ions. Credits NASA

The underlying reason for the different biological effectiveness of photons and ions is the density of the

ionizing tracks crossing the cell. A denser ionization track is more effective for cell inactivation than a
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few low-ionizing tracks. While photon beams generate rather low ionizing density radiation, hadron particle
beams (especially ions) provide more direct hits, and thus more lesions to the cell’s DNA. At the microscopic
level, photons transfer most of their energy to secondary electrons via the Compton-effect, which loses
their energy within a typical range of 1-3 cm, and as a consequence of a larger energy, spreads it over a
large distance/radius from the interaction point. In the case of heavier particles, which undergo Coulomb
interactions, they deposit most of their energy locally, creating a substantial number of secondary electrons
but with smaller energies (100 eV); thus, smaller ranges (few pm) [99, 100]. The small mean free paths
of electrons provide a higher probability of events being close to each other, and hence are closer to both
strands of the DNA. Single and isolated DNA lesions can be easily repaired by the cell (based on nitrogenous
base pairing), although clusters of DNA double-strand breaks (DSB) significantly lower the probability of
cell repair and lead to apoptosis (programmed cell death).

In addition to direct primary DNA damage, indirect damage also occurs, which is related to the generation
of reactive oxygen molecules (ROS), which are a result of water radiolysis in cells [9]. ROS also cause DNA
damage as well as damage to cellular mitochondria, which may ultimately lead to cell apoptosis. However, for
this indirect damage, the existence of oxygen in cell proximity is crucial. In the case of fast-growing tumors,
it is very common that not enough new vessels are created to provide sufficient oxygen to the tumor core,
which leads to the creation of poorly oxygenated (hypoxic) regions. These regions are highly radioresistant
[101]. The level of radio-resistance due to a lack of oxygen is quantified by the Oxygen Enhancement Radio
(OER) (see Equation 1.20). The OER plays a significant role in standard radiotherapy; however, for charged
ions, the effect of oxygen levels is smaller. Therefore, ion particles are more efficient in decreasing OER and

killing tumors with hypoxia. OER is defined as:

OER = Dhuposic (1.20)

DaeTobic
Radiation-induced DNA damage might also result in cell misrepair. A single-strand break may not be

sufficient for cell apoptosis and can cause a malignant mutation during repair. In the case of double-strand
breaks, chromosomal rearrangement may occur in a different form, causing an effect called chromosomal
aberration [102]. Most aberrations lead to cell death; however, some cells survive, leading to increased

radioresistance or secondary tumors [103].

1.3.2 Dose-to-water and Dose-to-medium

The absorbed dose is a basic quantity related to the physical, chemical, and biological effects of ionizing
radiation. The dose absorbed in tissue is the quantity used to refer to the radiotherapy effects, and it is
defined as [104]:

D= %Gy = k;]g’ (1.21)
where dE is the mean energy deposited by the ionizing radiation in mass dm.
Because of historical reasons and the fact that the human body is mainly composed of water, in dosimetry,
water material is typically used as a tissue reference medium (dose-to-water - D,,). This simplified approach
(used by analytical dose calculation treatment planning systems) models the patient’s body as a set of water

voxels with different densities, electron densities, or stopping powers. In reality, tissue composition varies
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significantly, and Monte Carlo codes (i.e., FLUKA) allow the calculation of dose to tissue (dose-to-medium -
D,,), which reflects particle interactions (especially nuclear interactions) more accurately. Nevertheless, the
clinical experience gained through years of radiotherapy is based on the dose-to-water, and commissioning
quality assurance procedures are also performed in water [105] thus, it is necessary to comply with the
clinical approach and for dose calculations perform on-the-fly conversion from D,,, to D,,. This is achieved
by considering all elements of the mixed-radiation field produced by the primary beam, secondary particles,
and fragments that undergo nuclear reactions in a patient voxel geometry. Hence, D,, is calculated as [74]:

D= [ @num) = Bap, (122

i

Puw

where ®,, ;(F) is the particle fluence spectrum in a medium for all particle species ¢ with kinetic energy E
and Sw,i(F)/pw is the corresponding mass stopping power in water.

A patient model is typically obtained using a Computerized Tomography (CT) image. CT numbers -
Hounsfield units (HU) represent the linear transformation of an effective X-ray attenuation coefficient. It is
a CT-scanned dependent coefficient, with a typical range of -1000 < HU < 3500 and fixed values for distilled
water at standard temperature and pressure conditions HU = 0, and air at approximately HU = —1000

[106]. The corresponding value for a specific tissue is given by:

HU = 10002 —Hw (1.23)

w — Hair

where p,, and pqir are the linear attenuation coefficients of water and air, respectively, and pu is the linear
attenuation coefficient obtained for the tissue.

It is known that, in approximation, each tissue has a different HU value, which allows the discrimination
of voxels with a distinct material density, stopping power, or composition. For analytical dose calculation
engines, the HU to stopping power (or density) conversion ratio is used. If the stoichiometric approach [107]
is used for calibration, the accuracy of the calculated stopping power for tissue samples can be 1% for soft
tissues and 2% for bone [108]. However, non-biological materials will typically not be transformed into the
correct stopping power, which might have significant consequences when irradiating through patient immo-
bilization materials. In addition, the influence of patient’s metal implants is also noticeable with saturation
of HU values (up to 3095 HU), which does not allow distinguishing between different types of metals (with
different stopping powers) [7]. MC allows, on the other hand, the assignment of a mass density and detailed
chemical composition of the patient’s tissue, immobilization devices, and metal implants; hence, MC cor-
rectly calculates the stopping power for all materials. For biological tissues, the most popular approach uses
a look-up-table (LUT), based on the work of Schneider et al [109], for HU tissue parameterization. Other

materials can be manually defined.

1.3.3 Linear Energy Transfer (LET)

Different particles, although distributed at the same physical dose, can lead to different biological effects, see
Figure 1.8. The absorbed dose is the average quantity of the deposited energy. Hence, it does not consider
the random fluctuation of the interaction events and energy distribution at the microcellular level. For the

same absorbed dose, the number of energy deposition events estimated in micro volumes is highly variable,
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and stochastic averaging might not be meaningful [110]. Linear Energy Transfer (LET) [keV//um| expresses
the beam quality at the microdosimetric level. It is defined in terms of the mean energy lost by charged

particles due to electronic interactions dE.; while travelling dz distance along their track [111]:

LET., = dfd [keV/pum] (1.24)
X

LETs is known as an unrestricted LET, where energy deposition from all secondary electrons is considered.
For charged particles heavier than the electrons, LET, = Se;.

A certain amount of energy is absorbed in non-local, more distant positions in the material, and consequently,
this energy does not contribute to the ionization density at the microscopic level. It is mainly derived from
high-energy electrons with a long range (such as § —rays) and in small amounts from bremsstrahlung photons
and Cerenkov radiation. To exclude their contribution, the energies above the threshold A for secondary

electrons are settled [104] and the restricted LET term is defined as

LETs = P2 (hev /) (1.25)

Radiation can be divided into low-LET radiation (photons, protons) and high-LET radiation (carbon and
oxygen ions). The LET of a monoenergetic proton beam at the entrance is approximately 1 keV/um,
reaching 100 keV/um at the end of its range, and the LET contribution is derived mostly from the primary
particles. In contrast, for carbon ions, these values are 10 keV/um for the entrance and exceed 1000 keV/um
at the end of their range. For ions, secondary particles created during nuclear reactions significantly influence
the LET distributions.

Therefore, calculating the LET from monoenergetic beams with a single particle type, although straightfor-
ward, does not refer to the real treatment scenario. Determination of the total biological effect of multiple
particle types with different energies is a significantly more complicated task [112]. Therefore, a mean LET
value is introduced to account for the dose contribution of different LET components that create the radia-
tion field [9]. The mean LET is calculated by averaging the stopping powers S.;(E) of all particles ¢ with a

particle energy spectrum E at a specific position x along the beam trajectory.
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Figure 1.9: SOBPs and their LETp profiles of a proton (left) and carbon ion (right). Reprinted
from [7].
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Two definitions of the mean LET are used: a fluence-averaged LET (LETr) and a dose-averaged LET
(LETp) [111]. Both can be calculated for primary and secondary particles generated through nuclear

interactions. LETF can be defined as

>l 1f0 (B, 2)pi(E, 2)dE

LETFr(z) = f (B, 2)dE [keV/um)], (1.26)
i:l o il
and LETp as follows:
_ (E,z)Dyi(E, z)dE 20.(E,x)dE
LETp(x) = 2z 1fo f xE ;(dEx) Zz lfof & x))qf(é q;:)vc)lE [keV/pum], (1.27)
1 1Jo 1 1Jo g

where S?, is the stopping power, ¢; is the local particle spectrum, and D; is the dose contribution from
particle ¢ with energy E at depth z.

Because the biological effectiveness of radiation depends mainly on high-LET particles, which contribute
the most to the dose deposition per particle, LET p(x) is typically used to relate the beam quality to its
biological effect. Several clinical studies have attempted to determine the optimal values of LET p(x) for
a particle type to be used as a simplified indicator of the biological response of the tissue to irradiation
[113, 114], but with mixed success. It is known that, with increased LET, the number of clustered (multiple
damages) DNA lesions is also increasing [9], and with high LET radiation, the OER in hypoxic tumor cells
decreases [110]. However, owing to the non-linear response of the cell survival to LET values, the only
indication is to maintain the LET p(x) as low as possible for the normal tissue, while targeting the tumor
with a higher LETp (z), but not higher than LETq, value, above which the overkill effect appears [3].
Currently no analytical systems for LET calculations are available on the clinical market, on the other hand,

general purpose MC codes are suitable for determining the LET distribution.
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Figure 1.10: Radiobiological Effectiveness (RBE) at 10% survival compared with LET, for different
ions from published experiments on in vitro cell lines. Reprinted from [8].
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1.3.4 Radiobiological effectiveness

The biological effects of radiation depend on several factors. Such as an amount of the delivered dose, an
energy or an LET of the penetrating particle, a particle type, as well as a radio-sensitivity of the irradiated
cell, an oxygen supply and a treatment fractionation [115]. A few decades of clinical experience gained
with photon radiotherapy has enabled the efficient determination of the planned dose with a reliable clinical
outcome. Thus, the best way to determine the biological effectiveness of new radiation types is to estimate
it in relation to effects obtained by radiation already known, using a weighting factor called Radiobiological

Effectiveness (RBE), which is defined as:

DXfra s
BE = —— %% 1.2
R Dions ’ ( 8)

where Dx _rqys is the ratio of the dose delivered by photons (typically 250 kV X-rays or cobalt-60 (Co-60))
to the dose from the new particle type, Dions leading to identical biological effects [37]. Consequently, the
isoeffective, clinically prescribed dose is calculated as Dyio = RBE - Dy, [Gy(RBE)] and is called an effective

or biological dose.
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Figure 1.11: The most frequently used methods to determine the RBE: left - cell survival curves in
vitro, where different survival levels are considered as different end-points, right - response curves
dependent on NTCP or TCP in vivo. Reprinted from [9].

The RBE requires determination of a biological end-point (effect), as shown in Figure 1.11. For tumors, the
important end-point is the TCP, and for normal tissue, the NTCP. In addition, cell survival is a parameter
commonly used for in vitro experiments, and it can be estimated using a linear quadratic model (LQM)

[116, 117, 118], defined as:

S(D) = e P7P", (1.29)

where S(D) is the surviving fraction, D is the absorbed dose, « is linear, and 8 is a quadratic cell killing
coefficient. « corresponds to cell death from lethal damage caused by a single particle, S defines death
caused by the interaction of damages from different radiation tracks [119].

The concept of the RBE is simple, but shows dependency on many factors, typically in a non-linear manner,
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see Figure 1.10. Mentioning i.e.:

e Dose - the RBE increases with lower dose [23], with a higher dose the difference between two types of
radiations is smaller. For photons, the initial survival fall-off with respect to the dose is broader than
that for ions (see Figure 1.11), hence the RBE increases with the increase of cell survival and dose

decrease.

e Energy or LET - the RBE increases with higher LET, however reaching maximum value, above which
the RBE decreases further [23]. For protons, this point is 31 keV/um [21], and for ions between 100
keV/pm (helium) [21] up to approximately 200 keV/um (carbons) [10]. The reason for the overkilling
effect is the contribution of the high-LET particles to the dose deposition. It is sufficiently large that
a single particle may successfully limit cell survival. Thus the residual dose is wasted. This also limits
the probability of hitting because of the lower number of particles required to acquire a certain dose,
resulting in a lower RBE for cell killing.

e Particle type - for a given LET the RBE is higher for lighter ions. This can be explained by the fact
that, for heavier ions, the maximum RBE is shifted towards a higher LET. At the LET corresponding
to the RBE maximum of protons, the carbon ions are faster, resulting in a broader track with a reduced
ionization density. Slower ions, with a smaller diameter of the ionization track, increase the ionization
density and cell killing effect [3]. Moreover, for light ions, the difference between the proximal rise
and the peak part for biological dose-depth curves is lower, whereas for heavier ions, the biological
maximum increases more significantly, causing a risk to OARs in proximity to the target.

e Cell type (cell intrinsic radio-sensitivity) - the RBE depends on a repair capacity of the cell system
after photon irradiation. The first approximation can be described using the a/8 coefficient of the
photon dose effect curve from the LQM [116], where the RBE increases with a decreasing «/3 ratio
[120]. For example, Weyrather et al [10] irradiated three different hamster cells (V79, CHO, and
xr5) and noticed that for repair-proficient cells (V79, CHO), the RBE exhibited a maximum between

100-250 keV/um; for a radio-resistant cell (xr5), there was no maximum, but a slight decrease above

100 keV/pum.
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Figure 1.12: RBE at a survival level of 50%, 10% and 1% for V79, CHO and xrs5 cells. Reprinted
from [10].

e Fractionation - the RBE increases with decreasing fractional dose [121]. Fractionation means that
the dose is delivered to the tumor in several daily sessions depending on the clinical protocol. The

reason for fractionation is that normal tissue recovers faster than tumor cells. Few studies have been
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performed to determine the RBE with different fractionation schemes, to limit the number of fractions,

and to increase the delivered dose, in order to lower the treatment cost [101, 122].

e Oxygen Enhancement Ratio (OER) (described in 1.3.1) - the RBE increases with the decrease of the
OER [23].

1.3.5 Radiobiological models

Two strategies can be followed to determine the RBE: experimental and modelling approaches. An experi-
mental approach requires a set of precise measurements for different irradiation conditions and various cells
for in vitro studies [123, 124]|. Non-existing values must be extrapolated or interpolated from experimental
points. The direct transfer of measurements to an in vivo clinical scenario is not a trivial task [9]. The
second approach requires creating a biophysical model, which would be able to predict an in vivo response
of a biological material to the ionizing radiation, from the known response of the material irradiated by
photons.

The recommendation from the ICRU [125] stated that proton RBE = 1.1 with respect to photons, and it is
considered to be constant through their trajectory. This determined the same RBE value at all positions of
the Bragg curve at all dose levels and for all tissues. However, a microdosimetric examination of the particle
spectrum presented a small variation from 1.1 [93, 126], and recent discussions concerning the nonconstant
value have been raised because of unexpected complications from proton treatment [127]. In reality, the RBE
of the proton SOBP varies from RBE = 1.1 at the entrance, RBE = 1.15 at the center, RBE = 1.35 at the
distal edge to RBE = 1.7 or even RBE = 4-6 in the fall-off [127]. The differences in RBE values are mainly
derived from the dose level, an increase in the LET due to proton slowing down, fractionation, oxygenation,
and tissue type (a/f ratio) [128, 129]. Owing to these constraints, the possibility of incorporating LETp
into treatment planning is being discussed [130, 131] and some phenomenological RBE models have been
developed [132, 133].

Heavier ions with higher biological effectiveness have more complex RBE depth-dose distributions, which
must be considered in more details [120, 121, 134, 135, 136, 137, 138]. RBE determination is not a trivial task
in view of the variations in biological effectiveness between different ions and different tissues. For example,
in the '80s at the Bevalac at Lawrence Radiation Laboratory, several patients were treated with neons, and
long-term evaluation of the clinical trial presented unexpected side effects in normal tissues. These side
effects are further associated with high-density ionizing radiation and elevated biological effectiveness [139].
Consequently, in 1994, it was decided to initiate patient irradiation with lower Z-ions - carbons [140, 141].
Currently, carbon ions are the most widely used ions, for which two radiobiological models are accepted for
clinical purposes in scanned pencil beam facilities - Microdosimetric Kinetic Model (MKM) and Local Effect
Model (LEM) ®

MKM - Microdosimetric Kinetic Model

MKM [143, 144, 145] is based on the Theory of the Dual Radiation Action [117] and originates from cellular

microdosimetry models. MKM estimates cell death in domains - micrometer-scale size partitions of the cell

5The phenomenological mixed-beam model developed and partially used at NIRS in Japan [142] will not be
described, because it is used for passive beam scattering, which is not the scope of this thesis
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nucleus. Cell damage is calculated on a microdosimetric spectrum of energy deposition. From this, the
average number of lethal events after irradiation is derived in every single domain. Thus, the LQM is a
function of the energy absorbed by a single domain. Finally, cell survival S(D) is calculated using Human

Salivary Glands (HSG) cells response as an input parameter:
—In(S(D)) = (a0 + B21p)D + BD?, (1.30)

where g = 0.172Gy ™" [146] describes the initial slope of the surviving fraction curve, § = 0.0615Gy ™2 [147]
is a term independent of the radiation type, and z]p is the saturation-corrected dose-mean specific energy of
the domain delivered in a single event, which depends on the energy z and the saturation-corrected energy
Zsat-

The saturation-corrected energy determines the point of the over-killing effect, and is dependent on the
radius of the cell nucleus R, and the radius of the domain R4. The RBE is then calculated [146] as:

RBE = D..(S)/ (O‘“ tv aj}; 41”(S)ﬁ> , (1.31)

where Dy (S) is the reference radiation dose for survival fraction S.
According to the NIRS protocol, Dy, = D - RBE is scaled by a factor Fi;;, = 2.39 to obtain a clinical dose
Dclin - Dbio - F [148]

LEM I - Local Effect Model

LEM I was developed at GSI [149, 150, 151]. It uses microscopic dose depositions around ion tracks to
determine the RBE with respect to photons. The critical target in the cell is uniformly distributed over the
cell nucleus and is divided into infinitely small cellular sub-volumes. The damage depends on the amount of
locally deposited energy (in sub-volumes) by different radiation track structures with different radial dose
distributions. The damage is independent of the origin of energy deposition, that is, photons or ions. The

cell survives only if none of the subvolumes receive lethal damage [9]. The survival curve is calculated:

2
—In(8) = { aD+ 5D D= D (1.32)

aD; + BD? + (D — Dy)Smaz D > Dy
where o and  are radiosensitivity parameters of a cell, D; is the transition dose above which the dose-
response curve from the linear-quadratic turns into a linear function, Syp.ae = ax + 28x D; is the maximum
of a slope occurring at D; for ax and Sx is the radiosensitivity parameter for photons.
The RBE is then calculated as follows:

52 (5) - () /i< s

(M + Dt) /D —In(S) > —In(S))

RBE = (1.33)

max

where —In(S;) = axD; + Bx D}
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Comparison and new RBE models

Different RBE dependencies and chosen biological end-points for biological models lead to different RBE-
weighted doses for identical absorbed dose distributions. Therefore, the prescribed doses in GyRBE units
cannot be considered isoeffective in clinical scenarios, and the transfer of radiobiological effect information
between two models is complicated. According to Fossati et al [121] prescribing 3 GyRBE in Europe using
LEM I and prescribing 3 GyRBE using MKM may provide treatments with DVH for RBE-weighted dose
almost identical, while the two treatments will differ in the biological end-points (TCP or NTCP), and none
of them might be isoeffective to 3 Gy of physical dose delivered by photons.

For helium ions, the development and application of the RBE models is currently under discussion [152].
Several phenomenological models have been developed to date [136, 143, 153]; however, they have not been
applied clinically. The upgraded LEM model, LEM IV, has already been benchmarked extensively for carbon
and helium ions, and it can predict the RBE for several other ion species [26]; however, it has not yet been
applied clinically. The modified Microdosimetric Kinetic Model (mMKM) was selected for the first helium-4
ion therapy using active scanning at HIT [154]. Other radiobiological models have recently been presented,
such as BIANCA (Blophysical ANalysis of Cell death and chromosome Aberrations), which supports proton,
helium, and carbon ion treatments for calculation of cell survival and RBE, as well as allows calculation of
the probability of chromosomal aberrations in normal tissue [102, 155, 156].

Monte Carlo codes are suitable for determining in detail the mixed radiation field from the treatment
plan, where the analytical Treatment Planning System (TPS) provides only partial output data for RBE
modelling. Considering both primary and secondary particles, through the ionization track, MC code allows
the determination of the RBE in detail for complex situations. Moreover, it is possible to investigate
treatment results from different institutions, simulate the RBE-weighted dose from treatment optimized for

another RBE model, and determine differences.

1.4 Application of proton and ion beams in radiotherapy

The cost of charged particle therapy is typically 2-3 times higher than the cost of conventional therapy [157],
meaning that access to non-conventional therapy is still limited. Protons are currently the most feasible
option for delivering doses precisely. Light ions have a few advantages over protons in terms of physical and
biological properties, such as reduced lateral scattering, higher LET, and higher RBE. However, at the same
time, they presents physical drawbacks - as to include: fragmentation tail, which leads to a deposition of the
residual dose, significantly affecting lateral dose distributions [95]. In recent years, there has been increasing
interest in helium ions [158, 159, 160], owing to twice as low a lateral spread compared to protons, a sharper
lateral penumbra, an intermediate RBE, and a lower cost (1.4 x cost of a proton facility) compared to carbon
ions (2.6 x cost of a proton facility) [87].

After considering the demand for proton or ion therapy but before building a facility, a few factors have to
be taken into consideration: determining which patients will benefit from this type of radiotherapy, defining
a beam delivery system, choosing a treatment planning system, and providing quality assurance procedures.
The cost, timeline to establish a facility, and efficacy vary between proton, helium, and carbon ion modalities,

and there are questions, problems, and gaps in the clinical application, which require further insight.
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This section provides an overview of clinically applied proton and ion therapies, describing each stage from
the clinical rationale of particle therapy, beam production systems, transport and delivery systems, treatment
planning, quality assurance, and possible treatment uncertainties. Some questions raised in this section may

be answered with MC simulations.

1.4.1 Clinical rationales for proton and ion beam therapies

Considering the clinical rationale for proton and ion beam therapies, most patients benefit from a highly
conformal dose distribution and a lower risk of secondary cancer incidence [161, 162]. ASTRO [163] indicated
only a few cases when the use of a proton beam is not supported, when a clinical urgency is needed, with
extensively moving targets or for a palliative treatment, where the normal tissue tolerance would not be
strictly considered.

The main group of patients profiting from proton therapies are children, due to a reduced risk of radiation-
induced normal tissue complications expected during their lifetime [164, 165]. Ions are avoided in pediatric
cases owing to an unknown late effect of high-LET radiation. For adults, tumors frequently treated by
protons are head-and-neck cases; certain types of tumors were found to respond better if treated with
higher-LET radiation (ions) such as salivary glands [166], chondrosarcomas [167], and glioblastoma [168].
Finally, a superior inverse depth dose profile with a sharp gradient provides the advantage of delivering the
dose to irregularly shaped target volumes or targets located close to critical structures [169].

Several ongoing clinical trials are trying to determine which tumors respond best to proton or ion treatment.
Few clinical trials are currently studying various types of tumors [170] as well as the ion species to be used.
Durante et al [157] presented five clinical trials in phase III, comparing protons with X-rays, two clinical
trials comparing the effectiveness of light ions versus protons, and three comparing carbon ions and X-rays;
however, to date, the results have not been conclusive [171, 172]. Further investigation of its biological

effectiveness is required, especially if helium ions are being considered for radiotherapy.

1.4.2 Beam production

In a typical proton or ion beam therapy center, a beam production system should be capable of selecting
and delivering beams with a 30 cm range in water, which corresponds to a maximum energy of 220 MeV
for protons, 225 MeV /n for helium ions, and 430 MeV /n for carbon ions. The delivered beam should have
a maximum energy spread of approximately 0.1% and energy changes must be performed relatively quickly
(up to a few seconds) [11]. The accelerator beam production system delivers a dose at a rate of 2 Gy/min/1
[173]. Finally, for operational reasons, the accelerator should be small, reliable, cheap, modular, and easy to
operate.

As of 2022, all accelerators used in charged-particle therapy facilities were either isochronous cyclotrons (57
in operation), synchrocyclotrons (13 in operation), or slow-extracting synchrotrons (40 in operation) [52].
Linear accelerators dedicated to protons [174] or ion beam therapies are in the final construction phase.
However, they are forecasted to be released into the market within the next few years [174].

The description of the main beam production systems used or planned for use in charged particle therapy

is presented below.
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Cyclotrons

Cyclotrons are circular accelerators in which particles follow a spiral path with a continuous duty cycle. The
particles retain spiral trajectories using a strong magnet. They are accelerated repeatedly by a radiofrequency
(RF) high-voltage electric field created between the two electrode plates of a cyclotron. Synchrocyclotrons
are a type of cyclotron with superconducting magnets, in which the frequency of the RF electric field varies
synchronously with the speed of the particle to account for relativistic effects of the particle mass. In
contrast, isochronous cyclotrons compensate for an increase in particle mass by increasing the strength of
the magnetic field, maintaining a constant frequency of the high-voltage RF [173].

Overall, cyclotrons are small, with a typical diameter between 5 and 2.5 m and a height of approximately
1.5 m, they have high reliability (few components, compactness, and ease of operation), and their cost is
relatively low. Currently, cyclotrons are only used in proton therapy. They provide a continuous proton beam
with a fixed energy value. Therefore, passive energy variation needs to be predicted through a reduction
in the nominal energy. For this purpose, degraders of various thicknesses are placed along the beam path.
The typical time needed for energy modulation (through insertion of the appropriate degrader) is 50-100
ms, meaning that the cyclotron provides a fast dose delivery, but with the drawback of beam quality and
purity, due to MCS and range straggling. In addition, the activation of cyclotron materials and components
near degraders is inevitable because of severe beam loss during beam collimation. Finally, the neutron
background contribution to the patient should be considered while planning the treatment, which adds an
additional advantage to MC simulations [96].

Currently, cyclotrons are provided by companies such as IBA, Varian, Mevion, and Sumitomo. Current

development focuses on superconducting cyclotrons and cyclotrons for particles heavier than protons [11].

Figure 1.13: The MedAustron proton/carbon ion synchrotron. Credits: MedAustron, Austria.
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Synchrotrons

Synchrotrons are circular accelerator rings that are usually linked with linear accelerators for the pre-
acceleration of particles up to a few MeV. In synchrotrons, each particle repeatedly traverses the same
path during the acceleration cycle. A magnetic field is used to bend the particles in a circular fixed orbit
using a dipole magnet. An RF electric field, located in straight sections between bending magnets, is used to
accelerate the particles and create an energy gain per turn. The particle trajectory is focused via quadrupole
magnets and corrected using sextuplet magnets [173].

Overall, synchrotrons are larger than cyclotrons, with typical diameter of 8-10 m for protons and 20-25
m for carbon ion machines. They are also more complex and slow to operate. As mentioned previously,
synchrotrons can accelerate protons and other types of ions (helium and carbon ions). They can actively
vary energy within high-intensity spills delivered every few seconds (1-2 s). Synchrotrons provide excellent
beam quality but at a slow rate.

Synchrotrons are currently provided by Siemens, Hitachi, ProTom, and Mitsubishi. In 1996, a conceptual
medical synchrotron design (the study of the consortium between CERN and TERA) - the Proton and Ion
Medical Machine Study (PIMMS [175, 176]) resulted in a proof of concept, which was partially adopted at
CNAO (first proton patient in 2011) and MedAustron (first proton patient in 2016). The main upgrades
for synchrotrons are an increase in the beam speed delivery, control of the extracted beam current, and

multiple-energy extraction, which is currently possible at a few accelerator centers, such as HIMAC [11].

Linacs

Radio Frequency Side Coupled Coupled Cavity
Quadrupole Drift Tube Linac Linac (CCL)
(RFQ) (SCDTL)

Figure 1.14: LIGHT system and its components under development by ADAM - AVO Reprinted
from [11]
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Linacs are linear accelerators, which are single-pass devices for accelerating charged particles. Particles
increase their energy by passing through a series of RF cavities (klystrons) and maintaining their trajectory
via magnets, such as quadruples and sextuplets [173].

Proton or ion linacs for clinical particle therapy are currently in the research and production phase. The
rationale for linac development for charged particle therapy is their high flux and fast variation of energy
from one pulse to another, which can yield a cycle as short as 5 ms [174]. A linac provides an excellent beam
quality (small emittance, i.e. a small spot size) with less induced radiation, which reduces the shielding
costs [11]. Finally, they are compact and modular, providing the advantages of installation, commissioning,
moving location, transportation, maintenance, and dismantling.

The first idea of a clinical hadron linac was conceptually designed by TERA and CERN [177, 178]. This proof
of concept was further extended to the concept design of a proton linac with a rotating gantry (TULIP-
TUrning Linac for Protontherapy) [179] and carbon linac - CABOTO (CArbon BOoster for Therapy in
Oncology) [180, 181]. Currently, CERN’s spin-off company Advanced Oncotherapy (AVO-ADAM) is at the
final construction stage of the proton LIGHT system-LINAC for Image-Guided Hadron Therapy [11]. The
planned total length of the proton linac is estimated to be around 25 m from the source to the exit, and in

reality depends on the accelerating potential of the cavities.

1.4.3 Beam delivery systems

Particle therapy aims to cover the target with high accuracy and precision, controlling beam characteristics
such as the number of particles and the expected position with a defined spatial distribution. Charged par-
ticles leaving the accelerator are bunched in quasi-monoenergetic primary beams; in reality, their transverse
profile has a sharp tail. However, after passing through several degraders or a nozzle structure, the beam can
be approximated as a Gaussian shape. The obtained beam is too small and narrow compared to the tumor
size. However, a set of primary beams must be delivered in a predefined way to cover the 3 dimensional
target body with a high dose while tailoring sufficiently with patients’ anatomical conditions (avoiding crit-
ical structures). The dose delivery system connects the accelerator with the patient and operates charged
particles to provide the beam with clinical requirements. Two general dose delivery techniques are in use:

passive scattering and active scanning, which are briefly described below.

Collimator Skin surface

Range shifter ~ Modulator wheel

Figure 1.15: The passive scattering technique (left), and the active scanning technique (right).
Reprinted from [12].
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Passive Scattering technique

A passive scattering technique uses passive devices placed along the beam path that provide a degradation
in energy and a scattering effect [182] to obtain a beam of a size corresponding to the longitudinal and lateral
treatment target size. The narrow beam is broadened laterally with a scattering system that consists of a
single, high-Z material layer (lead, tantalum) in the single-scattering technique. A secondary scatterer along
the beamline is added to obtain a larger and more uniform dose in the double-scattering technique. Once the
lateral spread is acquired, collimators are used to block the beam outside the planned target margins. The
longitudinal profile is provided by a set of degraders placed before the scattering set, creating a superposition
of pristine Bragg peaks - Spread Out Bragg Peak (SOBP). Degraders can be in the form of fixed wedges,
insertable slabs, or fast-rotating range modulator wheels with varying thicknesses.

Overall, the passive scattering system is not optimal owing to a reduced beam intensity and quality and a
smaller energy range, as well as an increase in the unintended dose delivered to the patient due to nuclear
reactions (especially neutrons), which are responsible for adverse effects (especially for particles heavier than
protons). Finally, beam blocking devices and boluses must be adapted for individual patients, which increases
workload. In most clinical facilities, passive scattering techniques are replaced with active scanning systems.
However, for specific treatments, such as ocular proton therapy, these techniques still provide excellent

results and are used in more than 90% of ocular clinics [183, 184].

Active scanning technique

To cover the target volume, the active scanning technique uses a primary beam with actively varying energy
and magnetic steering. First, the target is divided into thin range-equivalent layers, and each layer is covered
in an arbitrary target shape. The active scanning technique allows the performance of Intensity Modulated
Particle Therapy (IMPT), which is a scanning mode wherein the determination of each individual spot
intensity can be defined by treatment optimization. Thus, the dose is delivered in a sequence of monoenergetic
beamlets, each delivering a predetermined dose according to the planned spot intensity. A very high dose
conformity is acquired by continuous irradiation from the most proximal to the distal tumor layer (or wice
versa) by changing the energy step in a slice-by-slice manner. Transversal beam sweeping is performed by
two dipoles, used for horizontal and vertical deflection, located at the end of the extraction line, a few meters
upstream of the patient. In general, the tumor is irradiated in a 3D manner by superimposing sequences of
spots.

The amount of material along the beam path is minimized, which reduces beam losses and secondary
particles production (i.e. neutrons). The active scanning technique does not require a field or patient-
specific hardware because the delivered dose can be varied from point to point, allowing conformity of the
treatment. Of course, in the case of a shorter particle range (which the accelerator cannot provide), a
modifying system (a range shifter) along the path can be added to absorb the particle energy upfront, thus
decreasing the particle range; however, this solution results in a decrease in the beam quality. The main
disadvantage of the spot-scanning method lies in the speed of the dose delivery, and another problem arises
owing to the high conformity - the treatment has to be highly robust.

There are three active spot-painting methods. They determines the method for delivering the dose within

one energy layer [173]. The choice between them is specified by the precision, treatment time, and repainting
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capabilities (useful for robustness planning) [185]. These methods are:

e Discrete Spot Scanning - circular-shaped pencil beams deliver the dose with Gaussian profiles in
discrete steps - spot by spot. After the one-spot dose delivery, the beam intensity is switched off, and
the bending magnets fields are modified for the next spot position. The main drawback of this method
is the dead time between switching off and switching on while delivering spots. The first spot-scanning
system was developed at NIRS [186] for protons. However, the first patient application was installed
at PSI [187] (also for protons).

e Raster Scanning - is a type of the spot-scanning method where the beam is not being switched off
between delivery of two spots positioned close to each other. Raster scanning requires fast scanning
magnets to reduce the dose delivered between spots. It was developed at GSI [188] and was further
implemented at HIT [189], CNAO [190], MedAustron [191] and NIRS [192].

e Continuous Line Scanning - the dose is delivered with a steady velocity and a varying dose rate,
while following the line segment which connects planned spot together. Constant movement allows
re-painting, which was found to be a superior technique for minimizing errors due to organ motions

[193]. This type of scanning is installed at PSI Gantry 2.

Wobbling

Wobbling method lays in between active and passive scanning, and the beam is first scattered and then
scanned with magnets to a pre-defined spot position, with varying energy but without an intensity change.

One successful design is currently used at NIRS for heavy-ion therapy [194].

1.4.4 Beam transport and beam monitoring systems

The treatment plan is typically composed of two or more irradiation fields, and in order to minimize the
dose delivered to surrounding organs, the angles of the fields are determined during the treatment plan
optimization. In the majority of facilities, the beam is delivered with fixed angle beam ports - horizontal,
vertical, or other inclined directions such as - 45°, in combination with a patient positioning system couch
rotations (tilt, pitch, yaw). This solution is limited by the available angles, which can be overcome using
the same technology as in standard radiotherapy - rotating gantries.

Gantry is a device used to change the direction of the beam and to deliver the dose to the target from an angle
determined during treatment plan optimization, minimizing patient discomfort related to couch rotations.
It is a complex, heavy, and costly device consisting of magnets, beam diagnostic monitors, collimators,
and other instruments mounted on the frame. The beam transport line from the accelerator ends at the
coupling point to the gantry. Downstream, the gantry transport system is mounted, which rotates 360° or
slightly more than 180° around the patient. The size of the gantry depends on the particle mass and charge,
maximum energy of the beam, field strength of the magnets, and the required rotation diameter. The proton
gantry has a diameter of 3-5 m, weighs between 90 and 200 tons. The rigidity of carbon ions (of the same
range as protons) is almost three times larger, though ion gantries are also larger - 10-11 m and/or use
higher magnetic fields [11]. As an example, the HIT gantry for carbon ions weighs 570 tons, and consumes

approximately 400 kW at the maximum field. Superconducting magnets installed in Japanese facilities, that
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Figure 1.16: IBA Proteus One proton gantry. Reprinted from [11].

is, at HIMAC, allow higher magnetic fields and thus lower power and weight (300 tons). In the case of spot
scanning, scanning magnets are located either upstream or downstream of the final bending magnet or the
gantry, owing to the Source-Axis-Distance (SAD) impacting the skin dose in the case of non-parallel beam
trajectories.

The final point of the beam delivery and transport system consists of the monitoring and interlock systems
installed at the end of the beamline in the nozzle. The dose monitoring system allows the measurement of
beam parameters - a beam flux (maximum 1-2% uncertainty), energy (1-2% uncertainty), shape (1 mm of
uncertainty), and position (0.5 mm uncertainty) [173] and interlock systems can further interrupt irradiation
when the beam parameters exceed the security limits. The beam position, particularly the beam intensity, is
checked in real time owing to a redundant system of monitor chambers. The nozzle contributes significantly
to the final beam size at the isocenter, and in the case of ion beam therapy, it can be used to smoothen the
shape of the beam. For example, a ripple filter can be mounted on the nozzle to broaden the spot size to
approximately 3 mm Full Width at Half Maximum (FWHM), which reduces the number of delivered spots
and, thus, the delivery time. Finally, if a shorter particle range is required and the beam accelerator has
limitations in terms of the minimum deliverable particle energy, the range shifter can be mounted on the
nozzle in the form of PMMA slabs.

1.4.5 Treatment planning

Treatment planning task aims to create a plan that can deliver 100% of the planned dose to the target
volume and spare normal tissue from any radiation. However, this balance cannot be achieved. Therefore,
compromises must be made to provide a clinically acceptable plan. Because active scanning is becoming the
most popular modality for charged particle therapy, a treatment planning procedure for this modality will
be described briefly.
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Figure 1.17: Dose deposition in the patient (left) and DVH (right) calculated for the proton treatment
in [GyRBE] of the chordoma case from CNAO. Presented ROI on the left figure: PTV (violet),
Brainstem (orange). Published in [13].

Patient immobilization

The treatment workflow begins with patient fixation and immobilization. The patient needs to be immo-
bilized rigidly with a specified immobilizing device, which prevents changes over a long time scale between
fractions (inter-fraction motions) and prevents short time-scale motions of the patient during delivery of
a dose fraction (intra-fraction motions). Typical immobilization methods include vacuum cushions, which
take the shape of a patient, thermoplastic masks, or bite-block systems [7]. All of these devices are built

from thin, low-density materials so that their effect on the particle range and scattering is minimized.

Pre-treatment imaging

Immobilization must be performed before image data acquisition. The 3D or 4D acquisition of the patient
anatomy is performed in order to have a reliable representation of the patient position, fixed in the immobi-
lization devices, avoiding systematic errors. In practice, the most common imaging modality used for particle
therapy is X-ray CT because HU is related to tissue density, which is a major determinant of the particle
stopping power (as mentioned in section 1.3.2). To decrease the possibility of particle range uncertainties,
the stopping power could be estimated using a dual-energy CT or measured directly with the support of a
proton CT. Dual-energy CT [195], apart from the photon attenuation coefficient, can also determine Z. sy of
the material, which is further used to calculate the tissue’s stopping power. However, proton CT (currently
under development, with promising results obtained by Johnson et al and Takabe et al [196, 197]) directly
measures the proton attenuation coefficient, which can be further used in proton therapy planning. The

main problems with both modalities are cost, accessibility, and low spatial resolution (proton CT).
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Delineation of ROI

Other imaging techniques such as Magnetic Resonance Imaging (MRI), Single Photon Emission Computed
Tomography (SPECT) and Positron Emission Tomography (PET) are supporting the delineation process.
These images are further fused with the CT images to correctly define the target volume and to determine
the soft tissue anatomy (relevant for MRI). Volumes of Regions of Interests (ROI) are delineated and defined
as recommended by ICRU[125]: the Gross Tumor Volume (GTV), which is a tumor volume visible on the
image, the Clinical Target Volume (CTV), a larger volume that includes expected regions of microscopic
tumor spread, the Planning Target Volume (PTV), expansion of the CTV including a variability of the
target position during the treatment, and possible uncertainties (for protons, 3% of the range + 1 mm,as
recommended by Paganetti et al [198] and for carbon ions 2-3 mm, as mentioned by Vogin et al [199] however,
the margin highly depends on the tumor type, moving organs, and patient itself). Critical structures -
Organs at Risks (OARs) are delineated according to the individual clinics’ procedures. Other structures on
which the subsequent treatment volume will be based, such as couches and metal implants, are defined as
Technical Volumes. It is important to reconsider biological volumes, that is, areas with poor blood perfusion

or hypoxia, where boost treatments and high-LET radiation might overcome enhanced tissue OER.

Field selection

After contouring, the 3D patient geometry is constructed. Based on this model, a medical physicist defines
the beam entrance fields to avoid the beam traversing through critical structures and to focus the beam on
the target volume. Several principles must be followed. First, the dose should be delivered homogeneously,
which could be in a single field direction. However, a multiple-field approach is recommended to expand the
effects of uncertainties and low-dose regions. Second, it is crucial to spare normal tissues from the proximity
of a steep dose fall-off to avoid the impact of range uncertainty. It is also recommended to take the shortest
path to the target to reduce the integral dose to all normal tissues.

Medical physicists need to review the disadvantages of highly conformal beams as well as the effect of tissues
with high heterogeneous density. The beam passing through areas of complex heterogeneity must be avoided
in order to limit the distortion of the Bragg peak, in particularly high-gradient heterogeneities perpendicular
to the beam direction. Other patient-related factors affecting the particle range have to be considered, such

as positioning changes, patient weight loss [200] or changes in the internal anatomy (tumor shrinkage) [7].

Dose calculation and optimization

Subsequently, dose calculation and optimization is performed, following the conditions for sterilizing a malig-
nant lesion and preserving normal tissues. A treatment planning system assigns energy, number of particles,
and transverse position to every beamlet® to deliver the optimum dose distribution to the patient. Opti-
mization is performed such that each field contributes to a uniform dose to the target (Single Field Uniform
Dose (SFUD) or single-field-optimization), or that individual fields are inhomogeneous in order to spare
organs at risk, while the combined plan delivers a homogeneous dose to the target (IMPT - intensity modu-
lated particle therapy or multiple-field optimization) [201]. For scanned particle therapy, the most common

approach is IMPT, in which the workflow leading to achieving an optimal dose is inversed.

6single monoenergetic proton or ion beam
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The governing principles of the treatment planning in the IMPT are as follows: first, the desired dose
distribution within ROIs is established by the medical treatment planner in the TPS; then, the objectives
and constraints for the optimization must be created, which includes the specification of a weighting function
for the desired target volume dose and the specification of weighting functions for the maximum allowed
dose delivered to OARs; afterwards, the TPS determines cost functions, which quantify the dose distribution
goals; further, the optimization algorithm is applied to all beamlets from all selected fields simultaneously,
which iteratively determines the best field shapes, fluence profiles, and beamlet weights, while minimizing
cost functions. The optimization process has many degrees of freedom, with the possibility of controlling
the position, energy, and intensity of every beamlet. Each TPS software has a different method of pre-
weighting and positioning beam spots before the minimization step, as well as a routine to minimize cost
functions, which is why different TPSs may produce different treatment plans. Algorithms for calculating

dose distributions are presented in more detail in Section 1.4.6.

Evaluation and robust planning

After optimization, dose distributions in ROIs were evaluated quantitatively based on dose volume his-
tograms (DVH) for the target and organs at risk. The DVH represents the previously defined target and
critical structure volumes receiving a certain dose. The aim is to obtain a specified DVH curve shape, eval-
uating points on the curve, that is, quantifying a certain percentage of the organ volume receiving a certain
dose. While the tumor shall receive the planned dose to the entire volume uniformly, OARs have their limits
in terms of the medium and maximum doses to be received, minimizing NTCP.

A high conformity of the treatment requires robust planning to estimate if the delivered dose distribution
can differ from the planned one, owing to uncertainties in the particle characteristic. The most common
sources of these uncertainties are setup errors, changes in the patient geometry, inter-fraction motions (be-
tween treatment fractionation, i.e., prostate), intra-fraction motions (during the treatment, i.e., lungs), and
uncertainties in the dose calculations owing to the limitation in the dose calculation algorithms. In robust
planning, different treatment scenarios are evaluated, considering a number of different error conditions from
the nominal dose distribution. These calculations provided a spectrum of dose values [202] per voxel and
a set of DVHs. Another step is to re-optimize the plan to obtain the most robust plan, which typically

deteriorates the plan quality, but at the same time provides safer measures for the patient.

1.4.6 Dose calculation algorithms

Dose calculation is the primary task of a TPS. It is important to predict the 3D dose deposition in a
patient with millimeter resolution and an absolute accuracy of a few percentages [7]. Depending on the
physics models used and mathematical modelling, dose calculation algorithms can be divided into two main
categories: analytical/semi-analytical dose calculation methods (Ray-Casting algorithm and Pencil beam
algorithm) and Monte Carlo techniques. The most common TPSs currently used in clinical operation are
RayStation from RaySearch [203], Eclipse from Varian Medical System [204], Pinnacle from Philips [205],
and Monaco from Elekta [205].
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Figure 1.18: Ray-casting, Pencil beam and Monte Carlo dose calculation of a single proton pencil
beam. The central axis passes through the area of high-gradient heterogeneity (water-to-bone).
Reprinted from [7].

Ray-casting algorithm

The concept of the Ray-casting algorithm was introduced by Scheib et al [206]. It is based on the description
of the depth-dose curve (integrated depth-dose curve (IDD)) for a single quasi-monoenergetic beam (or
SOBPs) and the description of its lateral spread (as a function of the distance from the central axis).
The IDDs for each energy can be derived from measurements (which is typical for SOBPs) or calculated
analytically (i.e., using the Bethe-Bloch formula) and then validated with measurements. Lateral profiles,
in the case of proton beams, are modelled using MCS theory, which results in a Gaussian beam profile with
o increasing as a function of depth. Each voxel has a defined water equivalent depth (WED) in the tissue
material, as well as its lateral position relative to the central axis. Based on this, the dose deposition in each
voxel is derived. The total dose is determined by adding the contributions from all individual spots.

In a homogeneous medium, the Ray-casting algorithm is sufficiently accurate. However, in the case of a
heterogeneous medium, such as a patient, the algorithm may underperform. A high density at the entrance
leads to the same change in the dose deposition at the Bragg peak, as the heterogeneity located just before the
Bragg peak, which is nonphysical. This is because the heterogeneities of the tissue densities are corrected by
scaling the depth of the dose calculation point into the WED, considering the integral of all relative stopping
power values (coming from a CT scan) along the beam path (from the nozzle up to the calculation point).
The nearer to the Bragg peak the heterogeneity is, the better is the Ray-casting algorithm. However, when
heterogeneity is closer to the entrance, this solution tends to overestimate the sharp dose gradient effect
of heterogeneity, which in reality will be smoothed out by particle scattering behind the heterogeneity and
out-scattering from a high-density material [7]. See Figure 1.18.

Pencil beam algorithm

The most popular analytical algorithm is a Pencil beam algorithm [207]. Different variations of its im-
plementation are in use, but they are generally based on the same physics principles as the Ray-casting
algorithm. The input data for the beam modelling uses IDD profiles, and profiles of the lateral spread, both
can be either measured and implemented using LUT [207], modelled analytically [86] or being based on the
MC model [208]. Each physical pencil beam is decomposed into a set of elemental narrow pencil beams
(beamlets), which are then transported into the patient’s tissue along their central axis and react individu-
ally to materials encountered on its path. The dose calculation is then identical to that of the Ray-casting

algorithm, except that dense heterogeneities are scaled only by the central axis of each beamlet. In contrast,
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in the Ray-casting algorithm, the dose deposited by each spot is calculated at each grid point by adjusting
the WED of that point. Specifically, the Pencil beam algorithm calculates the range of a beamlet based only
on the target materials along the central axis. This means that the Pencil beam algorithm in the presence
of complex geometries and a heterogeneous environment is not sensitive enough to lateral inhomogeneities
and yields an inaccurate dose distribution. Moreover, while the Ray-casting algorithm performs better when
heterogeneities are located near the end of the particle range, the Pencil beam algorithm performs better
when the heterogeneity is closer to the surface [7]. Subsequently, doses from every beamlet are superimposed
within the scoring grid, resulting in the final dose distribution.

Another shortcoming of the Pencil beam and Ray-casting algorithms is their inability to account for the
production of secondary particles. Secondaries can have energies almost up to the energies of the initial
primary particles, but with a much larger angular spread than the primary beam, leading to a low but
significant halo of secondary particles (as mentioned in Section 1.2.3). Therefore, it can have a significant
impact in small fields [187] and can sometimes lead to an additional accumulation of the dose in narrow dose
fields. The halo shall be accounted for, and it is usually modelled as a second Gaussian distribution in a
lateral profile that can be interfered with by experiments or MC [209]. The halo is mostly visible for beams
passing through a range shifter and when treatment is performed with a large air gap between the beamline
and the patient.

The final challenges for analytical /semi-analytical algorithms are the accurate description of nuclear interac-
tions, fragmentation (for ion treatment), and biological planning. For this, the spectra of nuclear fragmen-
tation must be pre-calculated, and the RBE must be modelled according to specific particle characteristics

in an arbitrary place within the mixed radiation field.

MC TPS

Monte Carlo codes are the most accurate methods used to compute a dose for the radiation therapy, and they
are considered to be the gold standard [13]. Monte Carlo simulations track the particle path and interaction
from the source exit through the nozzle and any patient-specific beam modifier (aperture, compensator, range
shifter), air gap, and finally, through the heterogeneous patient model. Particles are selected by random
picking primary protons or ions according to the weighting of the spot in the treatment plan, and the
parameters being based on the applied beam model. The beam model in MC differs from the analytical dose
calculation algorithms because the particle transport and interactions along the particle track are entirely
simulated, based on cross-section models in the target medium, either in the patient geometry (with real
tissue material properties) or beam-modifying devices.

When comparing analytical algorithms with Monte Carlo codes, it can be observed that carefully commis-
sioned Monte Carlo algorithms improve the handling of complex and lateral heterogeneities, and they are
more accurate in predicting the particle range in this case. Multiple benchmarking studies have been per-
formed to compare MC with an analytical algorithm, mentioning only a few of them [210, 211, 212, 213, 214].
However, analytical algorithms are considerably faster than MC and more practical for clinical use.

MC TPS calculations, until a few years ago, were using one of the research-based MC codes, which for a daily
clinical routine is too slow. However, recent years have brought commercial solutions to the Monte Carlo dose

calculation engines. The main challenge is to limit the computational time while simultaneously preserving
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the reliability of the MC codes and providing usability for customers. Currently, RaySearch Laboratories
AB (Stockholm, Sweden) and Varian Medical Systems (Palo Alto, CA, USA) offer commercial MC TPSs
for proton spot scanning. The calculated speed incurs a high cost in terms of precision and accuracy. It is
obtained by means of particle transport, which is evaluated based on a rectangular voxel grid. Therefore,
tracking is more time-efficient, nuclear interaction modelling uses pre-computed cross-section libraries, and
the transport and interactions are detached from the material and scoring grids, saving a significant amount
of time, that is, MCS and range straggling calculations. Finally, the production of secondary particles is
limited to a minimum. For example, the RaySearch MC algorithm does not track § — rays nor does it track
nonelastic nuclear reactions. Only the production of protons, deuterons, and alpha particles is considered,
whereas all the other ions deposit energy locally. Neutrons and gamma do not deposit any energy and leak
out, which is reviewed and corrected accordingly in the final energy balance [215].

Owing to the increased accuracy of analytical algorithms, MC dose calculation engines may become a new
standard for proton or ion treatment planning. Another advantage is that MC codes can also be used for
the validation or commissioning of the beam delivery system, for the quality assurance of the clinical beam,
for the simulation of the beamline components, and to extract the phase space parameters for complex beam
delivery systems. Sometimes pre-calculated Monte Carlo-based simulation outputs are used to commission
an analytical TPS because MC code is capable of predicting the beam characteristic (based on the beamline
geometry [216]) and the nuclear halo from beam scanning [217]. MC codes can also support the design of
analytical algorithms, for instance, to model nuclear interactions [208], which are particularly important for
ion therapy [15, 73]. The dose calculation in heavy ion therapy is, in general, more complex because of the

need to incorporate biophysical models [73, 218].

1.4.7 Treatment plan verification

Sharp dose gradients, delivered spot by spot, render particle therapy very sensitive to planning and delivery
uncertainties. Therefore, treatment plan verification is highly recommended to ensure that the dose delivered

to the patient is consistent with the dose prescribed by the physician at every step of the treatment.

Patient Specific Quality Assurance

After approval of the treatment plan, patient-specific quality assurance (PSQA) is performed. Pre-treatment
plan verification is required to confirm that the dose delivered to the patient is consistent with the dose
calculated by the TPS. PSQA verifies several steps: correct modelling of the beam fluence (produced by the
beam delivery system) by TPS, the performance of the beam delivery system (if it is within the acceptable
limits), accuracy of the TPS calculation for a planned dose delivered to the patient, and correct transfer of
the plan data between TPS and the beam delivery system [219].

PSQA is typically a dosimetric procedure that involves measuring the dose distribution independently for
each treatment field and at selected depths with multidimensional (2D or 3D) detector arrays (i.e., ionization
chambers) embedded in homogeneous phantoms [220, 221, 222]. Performed measurements are then evaluated
against doses computed in a water phantom by the TPS using (typically) gamma analysis pass rate levels
[223]. Verification of the beam fluence in a homogeneous environment (such as water or water-equivalent

plastic phantoms) requires a significant time of working hours and beam time; however, it provides a reliable
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check of the dose delivery system.

A challenge arises during the verification of the dose distribution in a patient model. Analytical algorithms
perform acceptably well in many scenarios, although in the presence of heterogeneities (as mentioned in
Section 1.4.6), a second check is necessary for patient-specific quality assurance (PSQA) [219]. Software,
which performs dose and monitor unit (fluence) calculations independently, provides a second check without
requiring any additional beam time. A few studies [219, 224] have proposed a solution in which the plan is
exported from the TPS (in a DICOM format) and sent to an independent MC-based system for immediate
dose re-calculation. Subsequently, the dose deposition calculated by MC is compared to the dose computed
originally in TPS, and similarly, a gamma analysis pass rate estimates the level of agreement between doses
[223]. MC codes, must first be validated [225, 226] and thoroughly benchmarked.

Last but not least solution used during PSQA is the use of the log-file analyzer [227]. While delivering
the beam to the phantom or the patient, the beam delivery system creates log files that describe the spot
parameters (i.e., position and fluence). Collected log-files are later transferred to the PSQA software to
validate the delivered dose [224, 228]. Thus, either TPS is used to recalculate the dose from the sets of
delivered spots or, again, an MC tool. Subsequently, as in the aforementioned cases, the gamma analysis
pass rates [223] are used to determine the quality of the delivered treatment plan.

The three methods mentioned above for PSQA are complementary. While dosimetric measurements can
verify the beam delivery performance, MC tools can validate the TPS calculation, and the use of log files
can determine the dose actually delivered to the patient. The PSQA method depends on clinical regulations;
thus, some vendors offer software that can combine all three methods and can choose freely depending on
the needs of the clinic (i.e., MyQA Ion (IBA, Belgium)).

Online treatment monitoring

Another part of the verification process for treatment planning may include particle range verification. A
technical complication arises due to the fact, that the beam is stopped within the patient. Therefore, only
secondary particles can be used to acquire information regarding particle range. This technique requires
dose calculations and MC to describe dose delivery and nuclear fragmentation. The two most promising
methods for online treatment monitoring currently use 8" emitters and prompt-v emitters [14].

The measurements of 51 emitters are based on PET scanners. While radioactive - 8 emitting fragments are
created (such as carbon-11, nitrogen-13, and oxygen-15), they annihilate with the material’s electrons, a few
millimeters after the incident point and not far from the Bragg peak, producing two 511 keV photons. These
photons can be monitored using PET [229] for in vivo beam range verification in proton therapy [230, 231]
and ion beam therapy [232, 233|. For carbon therapy, it is possible to use radioactive ion beams such as
carbon-11 or oxygen-15 [234]. The results of PET imaging techniques are promising but are hampered by
several issues. Mentioning only the limited correlation of the dose distribution and the S+ emitter map,
owing to the low activity of 7 and a small signal-to-noise ratio (SNR), low efficiency of PET detectors, and
limited spatial and time resolution. Finally, a biological washout further decreases the resolution because the
activity of BT emitters in tissues changes over time due to perfusion. Therefore, PET measurements should
be verified using MC simulations for a positron emitter distribution [230, 231] and corrected afterwards

accordingly.
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Figure 1.19: Dose verification on the CT image of a proton head-and-neck treatment. Top left, dose
distribution; top right, prompt-y counts; bottom left, PET counts without washout; bottom right,
PET counts with washout. Reprinted from [14].

To overcome the low resolution of PET imaging, prompt-y monitoring was introduced. Measurements of
the prompt-vy are based on the instantaneous (few nanoseconds) de-excitations of the target nuclei along
the particle path after nuclear reaction in a patient, which results in yielding 1-10 MeV « photons, with no
biological washout. Similar to PET, prompt-v spectroscopy can be used for proton [235, 236| and carbon ion
beams [237, 238]. The emitted energy is characteristic of the tissue, and the main peaks of prompt-vy can be
distinguished for the oxygen and carbon reaction channels [96]. Moreover, the prompt-y emitter results in a
larger SNR. The main disadvantages are the lack of a two-photon coincidence signal for 3D reconstruction
and the lack of an appropriate detector system to detect gammas with high efficiency and spatial resolution
in a clinical setting. Similar to PET, prompt-y range verification requires a comparison of the measured

signal with an expected value, which can be obtained using MC simulations.
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1.5 Thesis outline

This thesis investigates the application of Monte Carlo codes for proton and ion beam therapies, in order
to bridge the gaps between research technologies and clinical needs. Charged particles provide an excellent
treatment conformity in comparison to photon techniques. However, this advantage comes with its drawback.
An accurate and precise modelling and validation of particle transport and interactions in the patient model,
as well as along the beamline, is a prerequisite. The possibility of in vitro validations of performed treatments
are restricted, the detailed treatment plan optimization is limited to the applied and known physics models,
as well as measurements of the biological tissue response. Though, considering the limited research time
in ion beam facilities, the application of MC simulations tools, which are claimed to be a gold standard in
dosimetry, can successfully support these advancements.

In brief, this thesis is focused on the evaluation, development and application of MC techniques for charged
particle therapy. Research is based on the general purpose FLUKA MC code. The first aim of the thesis was
to develop and evaluate model and interface which enabled implementation of the FLUKA Particle Therapy
Tool (FPTT) for clinical research purposes. The tool was then thoroughly validated using clinical beamline
model and patient treatment data. Further focus was put on benchmarking of the new radiobiological
research model BIANCA and its integration with the FLUKA MC code. This was finalized by application
of the BIANCA model in the clinical treatment planning scenario and comparison against the clinically used
radiobiological model. The thesis is organized as follows:

Chapter 1 provides a short overview of the history of particle therapy, physics and biological phenomena and
currently used therapy concepts. The first section presents the main ideas of the MC simulations and its
applications in particle therapy. The second and third sections gives an overview of the particle transport and
interactions models and its physical and biological properties. The last section gives a short introduction
of a current state in particle therapy, discussing rationales for hadrontherapy, providing a description of
treatment planning procedures, currently used techniques and giving an overlook to future needs.

An application of the MC codes in particle therapy presented in this thesis is based on the FLUKA MC
code. In Chapter 2, recent developments of the FLUKA MC code for particle therapy are shown. It starts
from a presentation of recent advancements in physics models, applications and interface implementation
for clinical usage. Special focus was put on the further development of the Flair Graphical User Interface for
supporting needs in the proton or ion beam therapy. Based on that, the further development was supported
and the rest of the presented research was pursued.

In the Chapter 3 a validation of the new FLUKA Particle Therapy Tool for MC based Quality Assurance
procedure is presented. The tool was used to first commission two particle therapy facilities (Trento Proton
Facility and CNAO), and afterwards to simulate realistic treatment planning scenarios. Thanks to the
implemented framework, real proton, and carbon ion treatment planning scenarios were imported, calculated,
and then dose distributions were compared with the results from commercial Treatment Planning Systems
commissioned and used at these facilities, as well as with patient specific QA measurements. Good agreement
was obtained between semi-analytical TPS and MC tool, for homogeneous cases. However, as expected, in
heterogeneous cases, a significant disagreement was visible, as well as, some discrepancies were shown for
the carbon ion treatment patient. An application of the biological models, and quantification of the dose-

averaged LET in the carbon patient cases, were also simulated. The aim of this work was to thoroughly
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validate and evaluate the FPTT for further application in particle therapy.

The Chapter 4 concentrates on recent developments in a new research radiobiological model for ion beam
therapy - BIANCA. The BIANCA model, implemented in a form of MC code, supports an estimation of
the RBE for proton and carbon ion beam therapies, as well as an evaluation of chromosomal aberrations.
In this Chapter, recent developments and extensions of the BIANCA model are presented. A demonstrated
integration with the FLUKA MC code, allowed to perform benchmarking studies against radiobiological
data, previously used for evaluating the clinical model - LEM I. An initial study focused on predicting
V79 cell survival, following two-field irradiation scenario using proton and carbon ion beams, imitating a
clinical treatment scenario. The second benchmarking study used in vivo experimental data, from a proton
and carbon ion beam irradiation of the rat spinal cord. These data has been historically applied to evaluate
biological end-points for head-and-neck tumours treated with proton or carbon ions irradiation. The obtained
results allowed to prepare the clinically relevant BIANCA database.

The Chapter 5 presents the first application of the upgraded BIANCA radiobiological model in a clinical
scenario. The BIANCA model, was applied in realistic treatment planning scenarios for three carbon ion
patient cases, and compared with the clinically applied model i.e. LEM I. The BIANCA database for the
chordoma cell survival, as well as, database based on dicentric aberrations in peripheral blood lymphocytes,
were used to calculate RBE of carbon ion treatment plans. Results, showed that, if RBE predictions, provided
by BIANCA cell survival database is used for evaluation of the beam effectiveness at killing tumour cells,
and database based on dicentric aberrations in peripheral blood lymphocytes is used to estimate (late)
normal tissue damage, the BIANCA model provides lower RBE-weighted doses with respect to LEM I, in
the PTV and in the entrance channel; whereas in the OARs, BIANCA and LEM I provide very similar
values. Results were then discussed and placed in the context of clinical relevance. The work presented in
this Chapter aimed to enhance the availability of different radiobiological models, taking into account the
idea that none of the models was proved to estimate the tissue response to full extend. The robustness
provided by the application of different models might support a better biological optimization of treatment
plans for various ions.

The final Chapter 6 presents additional applications, limitations, and future work resulting from this thesis
(i.e. virtual commissioning of the linear accelerator), as well as conclusions and an outlook on subsequent

steps to fully exploit the potential of MC techniques in hadrontherapy.



Chapter 2

Development of the FLUKA Monte
Carlo code for particle therapy

This Chapter presents a general overview of the application of FLUKA Monte Carlo code in particle therapy.
It is based on the article The FLUKA code: An accurate simulation tool for particle therapy, published in
Frontiers in Oncology 6; 2016, by the following authors (in alphabetical order, as commonly practiced for
CERN publications):

Giuseppe Battistoni®, Julia Bauer 2, Till Béhlen 3, Francesco Cerutti 4, Mary P.W. Chin *,
Ricardo Dos Santos Augusto 45, Alfredo Ferrari*, Pablo Garcia Ortega 4, Wioletta Kozlowska 7,
Giuseppe Magro ®, Andrea Mairani >®, Katia Parodi 8, Paola R. Sala 1, Philippe Schoofs 4,

Thomas Tessonnier 2, Vasilis Vlachoudis *

LINFN Sezione di Milano, Italy; 2 Uniklinikum Heidelberg, Genrmany; > EBG MedAustron GmbH, Austria;
4 CERN - European Organization for Nuclear Research, Switzerland; ® CNAO, Italy;
% Ludwig-Maximilians-Universitit Miinchen, Germany; ” Medizinische Universitit Wien, Austria;

8 HIT Heidelberg Ion-Beam Therapy Center, Germany

Wioletta Kozlowska Contribution: Development of the Flair interface for medical applications, with
the possibility of importing, displaying and processing of radiotherapy DICOM files. Validation of the
higher-level interface, simulation of treatment plans for clinical scenarios, and optimization of treatment
plans for validation of the FLUKA PET Tools. Production of text and figures for Section 2.4 - Flair and its

applications to radiation therapy .

40



CHAPTER 2. FLUKA CODE FOR PARTICLE THERAPY 41

2.1 Introduction

FLUKA [61, 62] is a general purpose Monte Carlo code capable of describing the particle transport and
interaction with matter of approximately 60 different particle species and heavy ions, with an energy range
from 1 keV to 20 PeV. All particles are tracked with high accuracy within the complex geometries created
by the combinatorial geometry package. The history of the FLUKA code starts between 1962-1967 with the
work of Johannes Ranft for calculations of the hadron cascades in shielding materials at CERN [239], with
the original name, derived from FLUktuierende KAskade. The FLUKA code gained importance at CERN
during the next decades and underwent general refactoring and development in terms of architecture and
physical models, leading to the current generation design written in FORTRAN.

FLUKA supports a variety of applications, including shielding to target design in accelerators, calorimetry,
activation and dosimetry studies, detector design, space application, neutrino physics, and radiotherapy.
It supports the simulation with magnetic fields, low-energy neutron interactions, high-energy effects, and
incorporating specialised routines that provide flexibility to users. FLUKA is a fully integrated code with a
built-in superior quality physical models that track down particle interactions to the single event level, with
no tuning on integral data. In recent years, FLUKA development and validation have focused on the medical
application area, enhancing the description of ion fragmentation for ion beam treatments, secondary particle
emission for QA imaging, and incorporation of biological models and voxel-based geometries. The work
presented below shows enhanced models describing ionizing energy losses, particle scattering, and mixed
radiation fields found in the therapeutic energy range. The benchmarking studies presented in the latter
part of this chapter resulted in an outstanding agreement between the calculated depth-dose and lateral
profiles for both proton and ion beams against measurements performed in particle therapy centers.

The FLUKA code benefits from a graphical user interface called Flair [240, 241]. It is an integrated develop-
ment environment (IDE), that enables the creation, editing, and online debugging of FLUKA input files. In
addition, Flair supports the creation and compilation of user routines, launching simulations, post-processing
of data, editing geometry with a user-friendly tool, and plot generation. Recently Flair was enhanced with
a new DICOM module, which can handle medical data in a well-organized way. As such, it is possible to
export CT DICOM images into voxel-based geometry that is compatible with the FLUKA combinatorial
geometry package. The user can also import DICOM RT data, which introduces higher-level usability to
the treatment plan simulation process. Therefore, apart from patient voxel generation and material assign-
ment for different ROIs, a treatment plan can be translated to FLUKA proprietary functions using a simple
Graphical User Interface (GUI). In addition, Flair supports the semi-automated creation of PET scanner

geometry and counting of coincidence events.

2.2 Dose and Biological Dose

The interaction of charged particles with matter, as described in more detail in Section 1.2.1, is dominated by
Coulomb scattering with atomic electrons and nuclei. In the therapeutic energy range, protons and ions lose
their energy mainly by inelastic collisions with atomic electrons (Se; - electronic stopping power), whereas
the contribution of elastic collisions with atomic nuclei to energy losses is negligible (Syue - nuclear stopping

power). As a result, particles continuously slowing down deposit energy and create a specific dose-depth
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shape called the Bragg peak. The particle is also scattered, deflecting from the original trajectory; if due to
inelastic collisions with atomic electrons, their angular deflection is proportional to the atomic number Z; if
due to elastic interactions with nuclei, it is proportional to Z2.

The following paragraphs present a summary of the physics models implemented in FLUKA for charged
particles in the therapeutic energy range, describing energy losses, energy loss straggling, § —ray production,
Multiple Coulomb Scattering (MCS), and nuclear reactions. A more detailed description can be found in

the original version of this article [16].

2.2.1 Electronic stopping power

In FLUKA, the average energy loss of charged particles, which are heavier than electrons, is represented by
Equation 1.6 (relevant for spin 0 and spin 1/2 particles). The formalism of Bethe-Bloch [242, 243, 244] was
implemented to account for all higher-order corrections mentioned in Section 1.2.1. Several improvements
have been made to obtain high precision for particles in the therapeutic energy range, following (with
modifications and revisions) the formulas presented in ICRU Report [76] and refined by Ziegler et al [245,
246, 247] for lower energies.

For the ionization potential value I, FLUKA uses the data from ICRU Report [76], which uses the value
Lyater = 75 €V, which (if needed) can be easily overwritten by the user. & correction (density correction)
is computed as in Sternheimer et al [248|, C' shell corrections, which are important at low energies, are
extracted from proton stopping power values as presented in ICRU and NIST [76, 77]. The Barkas and
Bloch corrections are taken into consideration according to ICRU [76] and Ashley et al [249, 250]. The Mott
correction factor, which is rarely considered in stopping power calculations, although important for medium-
heavy projectiles, is defined in FLUKA as a parameterized factor because of the high computational cost of
on-the-fly calculations for Mott cross sections, following the work of Lijian et al and Jun et al [251, 252].
As mentioned in Equation 1.10 the projectile effective charge z.yy = z is used for very light ions (such
as protons and alpha particles) or particles with larger velocities; otherwise, zess is calculated in FLUKA,
as proposed in Hubert et al [253], although with different parameters, to detach the impact from higher

correction factors, not considered by Hubert et al.

2.2.2 Secondary electrons and energy loss fluctuations

The energy straggling fluctuations mentioned in Section 1.2.2 define the shape and position of the Bragg
peak. The standard approach, which considers the Landau-Vavilov distribution, is difficult to implement
in MC code. Instead, FLUKA uses an alternative implementation [254] that determines the statistical
properties of the cumulants of distributions [255]. This approach considers the threshold for secondary
electron production (§ -rays) with defined interaction step lengths to account for fluctuations in energy
loss due to distant collisions [254]. The influence of Mott corrections is also included in this model. The

production and transport of secondary electrons in FLUKA can be described by down to 1 keV threshold.
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2.2.3 Multiple Coulomb Scattering

Concerning the MCS formalism presented in Section 1.2.3, in the FLUKA MC code, a dedicated implemen-
tation of MCS was developed [256, 257]. In this implementation, the user can apply very small as well as very
large steps without compromising the resulting angular distribution. As an option, the Single Scattering
mode can also be turned on; however, this is computationally expensive. Examples of benchmarking can be
found in Parodi et al [209].

2.2.4 Nuclear interaction models

Section 1.2.4 points out that nuclear reactions degrade the hadron beam quality and conformity in both
the longitudinal and lateral directions. The primary ion beam intensity is reduced along its path, meaning
that the dose deposited by the primaries decreases with depth (see Equation 1.19). At the same time, the
projectile fragments are lighter, but with the same energy as the primary beam, travel further, and deposit
a dose beyond the Bragg peak. The lateral spread, particularly visible at the distal part of the Bragg peak,
is affected mainly by secondary nucleons, particles, and fragments produced in nuclear reactions; therefore,
the spatial distribution of the dose is also affected.

In the FLUKA MC code, nuclear interactions for the therapeutic energy range, are treated with several
different models. A short overview is provided below, with a more detailed description, to be found in the
full version of the article [16].

The nuclear reaction models considered in FLUKA account for the following:

e hadron-nucleus interactions, which are treated by the PEANUT model [258, 259, 260, 261]. This
model handles collisions along the steps of the Generalized IntraNuclear Cascade (GINC). This is
followed by a subsequent pre-equilibrium emission state models, in which the excited nucleus emits
secondary particles and light fragments until an equilibrium state is achieved. The nuclei created from
this interaction establish a thermally equilibrated system with a determined excitation energy and

residual excitation that can undergo further de-excitation processes.

e nucleus-nucleus interactions, which are treated by the following models:

— RQMD-2.4 - if a projectile has an energy in range of few [GeV/n| down to ~ 100 [MeV /n]. This
model is based on a modified version of the Relativistic Quantum Molecular Dynamics Model
(RQMD) [262]. RQMD covers only the fast abrasion stage of the nuclear reaction; excited
fragments are processed in the next step using the PEANUT model.

— BME - if the projectile has an energy below 150 [MeV /n|. This model is based on the Boltzmann
Master Equation (BME) [263], which describes thermalization processes originating from the
complete or incomplete fusion of two ions. For a more peripheral collision, as described in
Section 1.2.4, the same three body reaction model is implemented. The PEANUT model is used
for the pre-equilibrium state and for the de-excitation phase. In the boundary energy range,
FLUKA continuously switches from RQMD to BME.

The final step in the PEANUT model involves de-excitation after a precedent collision and pre-equilibration

emission. Depending on the residual nuclei, they can undergo either:
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e evaporation (for nuclei with A > 17), which means the emission of nucleons and light fragments
(deuterons, tritons, and alpha particles) with a low kinetic energy. It is handled by a modified
Weisskopf-Ewing formalism [258, 264].

o fission (for nuclei with A > 17), when the energy is higher than fission barrier and it can cause
a significant deformation of the nuclei. However, it has a low probability of occurrence in particle

therapy. The fission in FLUKA is also based on a statistical approach [258, 264].

e fragmentation (for nuclei with A < 16), when the energy is higher than the total binding energy. For
this purpose, a statistical Fermi Break-up model is implemented in FLUKA [62, 265, 266].

e v de-excitation, which occurs as the ultimate stage of the de-excitation. The emission of v — rays
cascades is produced with the remaining excitation energy below the particle emission threshold. Their
energies and ratios are sampled in FLUKA from the RIPL database [267].

2.2.5 FLUKA benchmarking against depth-dose curves and lateral-dose
profiles

The FLUKA MC code has been thoroughly benchmarked against experimental data for particle therapy in
various proton and ion therapy facilities. The beam characteristics of various accelerators were measured and
benchmarked against FLUKA MC code simulations. These measurements include depth-dose data measure-
ments performed with parallel-plate ionization chambers placed in water targets [15, 75, 268] and lateral-dose
profile measurements performed using small ionization chambers placed also in a water targets [268, 269].
Currently, a few particle therapy centers use the FLUKA MC code for independent dose calculations in
phantoms and patient geometries. Some clinical TPSs use FLUKA to produce cross-section databases for
transport and interaction models [188]. This procedure includes incorporating an MC-calculated IDD pro-
files, lateral depth dose profiles fitted to Gaussian distributions, and generating a database for carbon ion
fragment spectra used in RBE calculations [15, 74, 75, 209, 221]. Selected benchmarking results are presented
in this chapter, and more information can be found in the full version of the article [16].

Figure 2.1 shows exemplary depth-dose profiles of proton and carbon ions in water, simulated in FLUKA and
compared to measurements from the Heidelberg ion therapy center (HIT) (using PeakFinder, PWT) [15],
for the nominal energies (before the beamline): 54.19, 142.66, 221.05 MeV for protons, and 200.28, 299.94,
430.10 MeV /n for carbon ions. The obtained results showed very good agreement with the measurements
of the Bragg peak positions for both beams. On average, it is proven that FLUKA can reproduce the
measurement data within experimental uncertainties of ~ 100 ym. In addition, the average dose-weighted
dose difference, described as AD/D was less than 1% for protons and under 1.5% for carbon ions [16].
Figure 2.2 presents the depth-dose curves of other ions simulated in FLUKA and compared against mea-
surements performed at HIT. Depth-dose profiles were acquired using PeakFinder for the beam energies
before the beamline: 54.19, 79.78, 200.28, 300.13 MeV /n, for protons, helium, carbon, and oxygen ions,
respectively. The obtained chi-square agreement for proton and carbon ion beams is 5.8 x 107% and 1.1 x
1074 [270], where the smaller the chi-square difference, the higher the agreement between measurements and
simulations. In addition, the helium ion chi-square differences was of 2.1 x 10~* and oxygen ion 5.6 x 107°.
Finally, the average dose-weighted dose difference presented low values of 0.6% for protons, 1.6% for helium

ions, 0.8% for carbon ions, and 1.3% for oxygen ions [16].
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Figure 2.1: Depth-dose profiles of protons and carbon ions, simulated with FLUKA and compared
against measurement data at HIT [15]. Published in [16].
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Figure 2.2: Depth-dose profiles of protons, helium, carbon and oxygen ions, simulated with FLUKA
and compared against measurement data at HIT. Published in [16].
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Figure 2.3: Lateral-dose profiles of protons (top) and carbon ions (bottom) in water, at the entrance
region (left) and shortly before the Bragg peak (right), FLUKA simulations benchmarked against
measurement data at HIT. Published in [16].

Figure 2.3 shows an example of lateral-dose profiles benchmarking studies, between FLUKA simulations,
and measurements of proton and carbon ion beam - with nominal energy before the beamline - 157.43 MeV
and 299.94 MeV /n, respectively. Lateral beam profiles were sampled at water at two depths: at the entrance
level at a depth of ~ 16 mm, and in front of the Bragg peak at a depth of ~ 152 mm. The obtained agreement
is satisfactory, considering that low-dose region measurements are associated with higher uncertainties, and
cylindrical ionization chambers used in measurement average the dose in a volume instead of considering the
dose gradient [269]. Additional comparisons and evaluations of FLUKA simulations against experimental

lateral dose data for various energies and depth doses can be found in Tessonnier et al [271].

2.2.6 Radiobiological calculations

As mentioned in Section 1.3, ion beams provide an increased biological effect; therefore, the RBE must be
considered while evaluating and planning ion treatment. The FLUKA MC code was coupled with a few
external radiobiological databases, either model or phenomenological /experiment-based. This approach was
first used for the physical and biological characterization of proton beams [272, 273]. Then to study the
chromosome aberration induction in human cells [274, 275].

The Theory of the Dual Radiation Action (TDRA [276]) was implemented in FLUKA and describes the
nonlinear response of the cell material due to mixed radiation fields. TDRA was used to interface the first
LEM models for carbon ion therapy [73, 151]. Subsequently, a general interface was developed using Linear

Quadratic Model (LQM) (Equation 1.29). In the FLUKA interface, a user is responsible for providing
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their own radiobiological database, which includes o and § as a function of energy per nucleon or LET, for
different components of the mixed radiation field. To calculate the RBE, the FLUKA MC code uses the

dose-weighted averages @; and Bj:

;= 2B iy ﬁ: > Adiy - /Bij 2.1)
> Adi ! >iAdi

where Ad;,; is the dose deposited in voxel j by the i-th charged particle with the related «;,; and f;;

parameters. This is calculated for all ¢ particles included in the mixed radiation field, which deposited the

dose in voxel j. Then, RBE and Dy;, can be determined, as presented by Mairani et al [73] for the LEM

model (Section 1.3.5) and [218] for the MKM model (Section 1.3.5).

2.3 in vivo verification

According to the information presented in Section 1.4.7, MC codes can be essential for verifying the obtained
distribution maps of 87 or prompt-vy emitters. MC codes are also important for the design and optimization
of detectors and in vivo setups suitable for clinical use [277, 278]. While using MC code simulation, users
must rely on their accurate description of physics processes, with a particular focus on the complex nonelastic
nuclear reaction history leading to 8 or prompt-vy emissions.

The development of physics models describing prompt-vy emission and 8% emitter production for the in
vivo verification of proton and ion beams is not the main scope of this thesis. Therefore, only a brief
description of the models used in the FLUKA MC code is presented here, where more information concerning
benchmarking studies for in vivo verification is available in the full version of this article [16]. On the other
hand, the development of the interface for FLUKA PET tools is mentioned in the following section to

indicate author’s contribution to the development and validation.

2.3.1 FLUKA model developments for in vivo verification

The probability of prompt-y and 8" emitter production is affected by many factors, such as the residual
excitation energy in the system, balance of binding energy, and level structure of the excited and residual
nuclei [16]. Considering proton or ion beam therapies, an accurate description of low energy nuclear models
is particularly important because of the low projectile energy level in the Bragg peak region. For these
models, the FLUKA MC code is constantly upgraded.

In proton therapy for PET monitoring systems, interesting reactions include O-16(p,x)O-15 and C-12(p,x)C-
11 [279], which can produce ejectiles such as deuterons, tritons, helium-3, or « particles. In FLUKA,
the process of ejectile emission is described by the coalescence algorithm in the first phase, followed by
the equilibrium phase, which describes the evaporation process of the created fragments. During model
development, particular interest was placed on energies below a few tens of MeV, where colaescence no
longer reproduces the experimental data, owing to the increased impact of binding energies. As such, an
appropriate deuteron formation mechanism was implemented, improving the description of the (p,d) reaction
[16]. FLUKA simulations were compared with experimental data using the experimental PET system, as

presented in Rosso et al [280], and using a full phantom with a standard PET setup, as presented in Sommerer
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et al [281].

Electromagnetic models, which play a significant role in PET simulations are included in FLUKA to pre-
cisely reproduce an annihilation distribution map. FLUKA reproduces the decreasing positron energy before
the annihilation process occurs, and it describes the electron binding energy effects and the final (possibly
acollinear) motion of the two emitted photons. This model, implemented in FLUKA, was verified experi-
mentally, as presented by Bohlen et al [282].

During the last stage of the evaporation process, the PEANUT model (Section 2.2.4) takes over, describing
the emission of the residual excitation energy by v — rays cascades. Their angular distribution follows the
formalism presented in Tolhoek et al [283], and whenever the data are incomplete or nonexistent, they are
sampled according to Ferrari et al [265].

Finally, to reproduce the prompt-v production, it is important to determine the excitation functions of single
~ lines in the various reaction channels and the v de-excitation flow [16]. An example of benchmarking data

for the FLUKA MC code is presented in Figure 2.4.
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Figure 2.4: Excitation function for the emission of discrete ~ lines from proton reactions on carbon.
Left: the 4.44 MeV line - de-excitation of the 1st excited level in C-12, the 2nd excited level in B-11,
and 2nd excited level in C-11. Right: the 2.0 MeV line -the 1st excited levels of C-11 and B-11.
Lines are FLUKA predictions and dots are evaluated data from Kozlovsky et al [17]. Published in

/16].

2.3.2 Model comparison with integral measurements

The study of integrated data, including all single interactions, allows for a better assessment of the model for
therapeutic applications, such as conceptual and design detector studies. Profiting from several prompt-y
measurements using ion beams on PMMA or water targets, the FLUKA MC code was benchmarked for
~ emission profiles as a function of depth and prompt-y energy spectra. More detailed information on the
experimental setups simulated in the FLUKA MC code and the implemented prompt-vy formalism verification

can be found in the full version of this article [16]. It is worth mentioning that overall agreements between
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the simulated photon spectra and experimental data were found to be within 10% for energies above 2 MeV,
and for the in-depth profile studies, qualitatively FLUKA reproduced the relative shapes of the profiles, as

well as it can be noticed a good absolute agreement for different experimental setups.

2.4 Flair and its applications to radiation therapy

2.4.1 Introduction

Building FLUKA input files is supported by a graphical user interface, Flair [240, 241] presented in Figure
2.5. The Integrated Development Environment (IDE), provided by Flair, assists the user in all steps during
FLUKA simulations, from creating input files and geometries, through debugging and input error detection,
implementation of user-specific routines, running simulations with progress monitoring, output data post-

processing, and plotting the results. In general, Flair provides a gentle learning curve for beginners and

greatly increases user productivity.
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Figure 2.5: Flair graphical user interface (left), Geoviewer - geometry editor (right). Published in

[16].

One of the main advantages of Flair is a 2D /3D graphical editor and debugger [240] used for building FLUKA
geometries. The graphical editor supports the creation of complex layouts with rapid real-time 3D ray-trace
rendering. Visualization is performed by a dynamic customized layering mechanism, with the possibility of
overlaid views on the created geometry.

Recently, two new modules were implemented and attached to the Flair GUI: one supporting DICOM
file handling, and the second supporting automatic PET geometry generation. The DICOM module is
responsible for the import, display, processing, export, and conversion of DICOM files into FLUKA propriety
functions used in the MC simulations. The PET geometry generator simplifies the modelling of the PET

detector geometry with a graphical template, which facilitates parameter definition, or by using predefined
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templates of commercial PET scanners available in the module.
This section presents the status of medical tools already functional inside Flair as presented by Battistoni

et al [16]. This study is based on version 2 of the Flair program [284].

2.4.2 DICOM processing in Flair

Digital Imaging and Communications in Medicine (DICOM) is the standard for the communication and
management of medical imaging information and related data [285]. DICOM is used worldwide in vari-
ous fields of medicine including radiology, radiation oncology, nuclear medicine, cardiology, pathology, and
dentistry.

Currently, Flair is capable of interpreting DICOM file modalities for which separate functional classes are

implemented:

e CT - Computed Tomography imaging, represented by a single or a multiple files with 2D sliced images,
e MR - Magnetic Resonance imaging, represented by a single or multiple files with 3D representation,
e RT DOSE - Radiotherapy Dose distribution

e RT PLAN - Radiotherapy Plan for treatment

e RT STRUCT - Radiotherapy Structure Set describing ROIs.

DICOM handling is performed using Pydicom [286] and NumPy [287] libraries, both of which are dedicated
to the Python programming language. Pydicom is an open source package for interpreting all standard
DICOM files from image-based matrices (i.e., found in CT or MRI) through various data tags and nested
sequences (found in DICOM RT). The NumPy library is a numerical Python package that is used for image
and data processing.

Imported DICOM files can be viewed in Flair using either a tree structure text browser, where the user can
inspect DICOM fields, or using a Slice Viewer (Figure 2.6). A graphical representation in the Slice Viewer
is capable of displaying CT, MR, and RT DOSE modality images using a 2D slice format directly from
DICOM files. For the RT STRUCT modality, ROIs structures and points of interest are visualized as an
overlaid layer on the respective CT/MR slice. To enhance usability, it is possible to perform simple image
modifications such as cropping and re-scaling.

Recent developments include improvements in the visualization of simulation outputs for medical applica-
tions, particularly dose calculation representation. The new DICOM module RTViewer (see Figure 2.7) can
represent 2D cross-sectional CT images for three planes (axial, coronal, and sagittal) with an overlaid dose
representation from the RT DOSE file or FLUKA calculations. It also allows visualization of the difference
between the planned dose calculated by the TPS and MC based re-calculation. Upcoming features will
include embedding graphical representation of ROIs (from RT STRUCT) onto the RTViewer plans and
providing automatic DVH plots for the referenced dose maps.

Computed tomography (CT) is a typical patient geometry representation used for radiotherapy. As men-
tioned in Section 1.3.2; CT images contain integer HU values reflecting the X-ray attenuation coefficient for
a specific tissue composition. Assigning a detailed material description for each HU value is neither memory-
nor time-efficient for simulation purposes. Therefore, following the proposition presented by Schneider et al

[109], HU values are divided into groups with specified intervals for particular organ compositions. FLUKA



CHAPTER 2. FLUKA CODE FOR PARTICLE THERAPY 51

@ T e
AT it Gy 3 e | B 11 ot w44
“Hh @ ©

["EETSRCT

B

F
i

1.3.12.2.1107.5.1.4 49597.3000001 20516132 1 3465600009C 0070, 0003)
1312 2.1107.5.7.8 10021, 300000120521 152045341600004 0920,
' "

s
F Saried damber s
ke NI Number

il
T

'
Bnary 313 kngthez

eveim)
eyt
amsiti
omsia)
Carth)
)
sran
awsch
orecn
s
unase

"
20120525
133159.203000

ar
Prere3y

|
H
3

sormber 1
enced Frame of Referance UAD1.3 12.2.1107.5.1.4.49557.000001203 6081133640000
e hack >

H

jhumme 1896721109136
veration Megarkhn SEMAUTONATIC
o Frame o Reference UID1.3.12.2.1107.5.1.4.49357.3000001

2233
FHHH

g;imﬂéi%ﬁi‘?

Volume 228127m885T)
Generation Aigerkhm SEMAUTOMATIC
o

heferenced Frame of Reference A0 1.3.13.2.1107.5.1.4.49597.3000001
Name v

5104750074073
SEMAUTOMATIC

Volume
Generation Aigarthm
Numbar

i Anonym inp.

g andrms test_coue 05 P T

Figure 2.6: Flair RT DICOM viewer, with RT STRUCT superimposed (left); DICOM tree browser
(right). Published in [16].

+ Anonym.flair - flair

Geometry ]
n E Planned Dose:/. /ANONYM/TPS. bnn

Coronsl segts) |Cakculated Dose: FLUKA bn

) X 3 . 10
w0 Max LT 2% 11
Window Center: | = Width: B
270
Stice: | LI
inp: Anonym.inp -3

Figure 2.7: New DICOM RT interface. Coronal CT plane with mapped physical dose [Gy| from RT
DOSE and FLUKA calculations. On the right, the differences between the obtained values [Gy].
Published in [16].

handles group (or groups) of voxels with the same tissue material composition as one organ region. The or-
gan is an internal FLUKA representation of a geometry region, defined similarly to the standard (non-voxel)
FLUKA regions, modelled by the user.

Flair segments CT scans into 24 tissue materials, with a nominal elemental composition (based on human
CT scans) and pre-defined mean tissue density at the center of the HU interval [161, 230, 288]. In reality,
an HU interval within an organ represents a continuous range of densities and properties of the same
tissue. FLUKA provides a scaling mechanism to interpolate material properties within HU intervals. The
24 material description set is divided into smaller intervals (41 in total), allowing further scaling correction.

The same materials are used for organs with identical material composition; however, other parameters
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such as density and electronic stopping powers are scaled with respect to the real HU value to account for
proper interaction processes. The FLUKA voxel file was recently refined to embed all input cards describing

supplementary data on the materials, assignments, and correction factors.

RT STRUCT

The RT STRUCT file is used to transfer defined patient structures and related data between the software,
devices, and radiotherapy departments. It includes geometrical data of ROIs structures defined on CT scans
and points of interest (POI) created during treatment planning (e.g., dose reference points). Structures
are used during treatment planning simulation for dose scoring on an organ basis and for calculating the
DVH. In RT STRUCT, ROIs are typically represented by sets of points (defined in 2D coordinates for each
CT/MR slice image) belonging to a closed polygon.

The user can select and embed ROIs from the RT STRUCT file in the voxel file. For each internal voxel
cube, Flair determines the ROI to which it belongs, considering the situation in which the voxel belongs
to more than one ROIs. Created correspondence matrix between voxels and ROIs is embedded into the
FLUKA voxel file. Flair uses this matrix for 2D /3D plotting and /or DVH calculations (Figure 2.5).
Because the structure point positions (by which ROIs are defined) are not rounded to the CT /MR image grid,
Flair provides additional information on the structure volumes. It calculates ROIs volumes interpolating
points using true polygonal information or their discrete version (adapted to voxel grid), which typically

results in a difference of a few percent.

RT DOSE

RT DOSE is used to transfer 2D or 3D radiation dose maps generated from treatment planning systems or
similar software/devices [285]. Flair enables conversion of all DICOM files containing a PixelData tag (i.e.,
CT, MR, and RT DOSE) into a FLUKA USRBIN 3D mesh file.

The FLUKA proprietary USRBIN file can be used for graphical representation of the results and analysis.
For example, in RTViewer (Figure 2.6), the output data from the TPS can be imported, and the chosen field,
fraction, or the entire treatment dose can be compared with FLUKA simulations and visualized, overlaying
CT scans. The created USRBIN files may also be used as particle source generators, for example, for scoring

delivered doses from PET/CT radioactive tracers (Figure 2.8).

RT PLAN

An RT PLAN file is typically generated by a TPS and contains essential information for the treatment
delivery system. In the Tag fields, RT PLAN describes the i.a. treatment fractions, patient position,
accessories, external beam parameters, and planning CT. In spot scanning particle therapy, each single
beam spot is stored in a beam sequence with enumerated control points. Every beam sequence provides
information on the particle type, planned isocenter position, gantry, patient, and table angles. In addition,
the control points cover spot-specific data, that is, particle energy, spot position at the isocenter, and the
number of monitor units/particles.

To simulate treatment planning delivery, the user can export typical spot beam parameters into an external

file using a Flair DICOM interface. While exporting RT PLAN data, Flair can also account for rotations
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Figure 2.8: Voxel representation of DICOM CT data together with superimposed RT DOSE data.
Displayed using a Flair geometry editor. Published in [16].

and translations of the patient included in the RT PLAN coordinate systems. Consequently, Flair updates
the basic FLUKA input file, creating a fully functional, ready-to-run input for MC simulations of each beam
field. The export of the DICOM data is fully controlled by Flair, which also performs validation checks
using the available control sequence variables.

The following steps include the compilation of a predefined source routine for RT PLAN, which reads and
generates the beam spot source data for FLUKA simulations. Finally, post-processing allows the creation
of a fractional dose file based on the combined beam sequence outputs, which can then be visualized in
RTViewer. Further work will focus on simplifying the process of treatment plan simulation and including

less frequent treatment plan parameters.

2.4.3 PET scanner simulation tools for FLUKA

Positron Emission Tomography (PET) is a medical imaging technique used to measure the biochemical and
physiological activity of body tissues. The PET scanner measures, in coincidence, a pair of photons created
during the positron-electron annihilation process. Positrons are obtained from the decaying A+ emitter,
typically injected into the patient’s body via a radio-pharmaceutical drug. In clinical applications, the most
frequently used radio-pharmaceutical is fluorodeoxyglucose (1s FDG). It is a glucose analog coupled with the
F-18 radioactive isotope used to measure in vivo glucose uptake in body cells and search for an abnormal
metabolism of diseased organs and tissues.

In addition to nuclear medicine, PET is increasingly used in charged-particle therapy. Online and offline
monitoring of dose delivery and range verification can be supported by this noninvasive technique. Com-

mercial PET scanners, as mentioned in Section 2.3, need to fulfil additional requirements for proton or ion
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Figure 2.9: PET geometry tool in Flair. Published in [16].

beam monitoring, which challenges current designs. Monte Carlo codes can support performance evalua-
tion and redesign studies because MC is capable of estimating an accurate dose map for the simulated 5
emitter distribution. FLUKA PET Tools assist with the MC simulations of the PET scanners by allow-
ing a step-by-step configuration of the new PET geometry and provide improved physics models for g7
production.

A typical PET scanner is composed of a set of scintillator detectors merged into modules, which are mounted
on a closed or open gantry structure, allowing the detection of collinear photons derived from the annihilation
process. The creation of the PET scanner geometry, with multiplied rectangular parallelepiped detectors,
can be easily parameterized and quickly replicated into the FLUKA geometry. As presented in 2.9, FLUKA
PET Tools support a user at every step, visualizing and explaining specification details. The user describes
parameters starting from the level of blocks, through an array of blocks called modules, and finally on the
ring level, where one defines the scintillator material, radius of the ring, center coordinates of the scanner,
and opening angle. Closed PET rings are typically used for standard imaging purposes; however, partial
rings with an opening angle 8,per are an interesting solution for in-beam PET, where the scanner must be
incorporated into the radiation room [289].

Users can start modelling the PET geometry with a set of predefined templates from commercial PET
providers, such as Siemens (Ecat HRRT, Hi-Rez, MicroPET Focus 220), Phillips (Allegro, Mosaic), GE
(GE Advance), and Concorde (MicroPET P4). Subsequently, all predefined parameters can be modified
and further optimized according to user needs. The basic PET geometry and input data for FLUKA
are automatically generated using FLUKA PET tools. Additional elements should be modified or added
manually, including the phantom target definition, radioisotope distribution, and beam structure (see Figure
2.10).
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Figure 2.10: Example or geometries and simulation set-ups created using FLUKA PET Tools

The final 3D PET image is reconstructed from tomographic sliced images created from a set of 2D projections
at different angles. Annihilation events create a pair of collinear photons, whose tracks are delineated into
a set of parallel lines of responses (LOR). All detected events are then integrated along each LOR into a
single pixel in the projection of a specific angle, forming a Sinogoram image (Figure 2.11). The sinogram is
used as an input data matrix for the PET reconstruction algorithms. The two most popular algorithms used
in PET are Filtered Back-Projection (FBP) and Maximum-Likelihood Expectation-Maximization (MLEM).
The FBP provides a fast and simple solution using a Fourier Transform of each 2D projection, with additional
interpolation in the Fourier space. By contrast, MLEM is based on an iterative approach of maximizing
a likelihood function that estimates the mean number of radioactive decays, which fits and improves the

estimate of the sinogram [16].
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Figure 2.11: Sinogram (left) and projection image (right) of the segmented mouse phantom of Figure
2.10(a), using a MicroPET P4 scanner. Published in [16].

FLUKA provides a set of scoring routines suited for acquiring data on energy deposition events in PET
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detectors and the pairing of individual events into coincidence events. In standard simulations, two steps are
required: simulation of nuclear interactions and tracks of decaying particles in the target phantom geometry
up to the PET scanner and post-processing of the obtained data into a sinogram. In the first step, the
portion of energy deposited in the scintillator detectors is identified as an individual event, and all related
data are stored in the output file. The sensitivity of event tracking can be adjusted according to the desirable
energy windows, minimum scoring time, time resolution, and dead time of the detector. Accordingly, with
each FLUKA run one output file is generated. In the second step, a set of output files is processed, and
coincidence events are determined and saved in another coincidence output file. This output file is further
organized into a sinogram and exported to the Interfile 3.3 format, a binary format standardized for nuclear
medicine image data [292]. In addition, a created singoram file can be parameterized to customize the scoring
using Arc Correction, Maximum Ring Difference, Number of Segments, Span and Mashing Factors.

With the new updates presented by Augusto et al [234], the aforementioned reconstruction algorithms were
implemented in Flair. While the FBP reconstruction time is synchronized with the generation of the output
sinogram file, MLEM reconstruction requires significantly more time; however, it yields a higher image
quality. Finally, the generated reconstructed image can be stored in the USRBIN file and further used in
the Flair and FLUKA simulations.

2.5 Application of the FLUKA code for clinical calculations
at HIT and CNAO

This section provides a brief summary of the clinical application of FLUKA, which was applied prior to the
presented extension of the Flair functionality for DICOM objects (Section 2.4). In the past HIT and CNAO
facilities developed home-made frameworks, for automated FLUKA MC simulations of clinical treatment
plans for scanned proton and carbon ion beams [74]. The results of these simulations were benchmarked
against clinically commissioned TPSs, which provided a baseline validation database for the development of
RT functionalities in Flair. More detailed information on application and verification studies can be found
in the full version of this article [16] and the further extension of Flair for spot-scanning applications can be
found in Koztowska et al [13], as shown in Chapter 3 of this thesis.

HIT developed a GUI for FLUKA clinical calculations using a MeVisLab environment [293] and the CNAO
GUI is based on MATLAB ®. Calculations of the physical and RBE-weighted dose distributions for particle
therapy treatment are performed individually for each field. The RBE dose is obtained by weighting the
physical dose using an RBE value of 1.1 for proton beams, or calculated using a dedicated LEM I framework
implementation for carbon ion beams (also used in the TPS [73, 151, 294]). The dose-to-medium ratio is
converted automatically into a dose to water (Section 1.3.2). Optionally, it is also possible to obtain LETp
values for proton beams. To ensure compliance with the clinical TPS database, the FLUKA physics settings
are set according to the parameters used during the production of the TPS physics database [15, 209, 221].
The patient model is based on CT scans and created using the standard FLUKA approach with stoichiometric
calibration [109, 231]|. Each facility-based CT scanner has individually adjusted CT-range calibration curves
(which are also defined in the TPS); therefore, adjustments of the electromagnetic and nuclear parameters, as

presented in Jiang et al [295], are needed in the FLUKA calibration files for consistency with all CT protocols.
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In addition, at CNAO, a separate interface has been developed for conversion of the FLUKA outputs into
an RT DOSE DICOM file, which can be imported to local TPS installation, RaySearch RayStation®. In
general, this solution facilitates the fast visualization of MC simulation output within the clinical routine

for physicists and physicians.

2.6 Conclusions

This Chapter presents the latest improvements to the electromagnetic and nuclear models of FLUKA.
Upgraded models were benchmarked against measurements of depth-dose and lateral profiles in water for
different ions of clinical interest. Satisfactory and accurate results proved usability and made FLUKA the
code of choice for the generation of the TPS database at leading European centers [16].

A particular effort was made to progress within nuclear interaction models. The particle production and
interaction cross-section models for proton and ion beams were enhanced in the therapeutic energy range. As
such, both primary particles and produced fragments (including electromagnetic particles) are transported
and treated reliably, profiting from the latest upgrades in the evaporation, fragmentation, and de-excitation
models.

Studies of in vivo verification techniques require accurate low energy nuclear models. In the FLUKA pro-
duction models, 87 emitters were successfully benchmarked for the therapeutic energy range, reproducing
production by protons within experimental error bars, and by carbon projectiles with accuracy equal to or
lower than 25%. New prompt-y production models in FLUKA, refined after the last revision of the experi-
mental data, improved discrete line cross sections and integral energy spectra, and yield-versus-depth data
for proton and carbon ion beams. Agreement with the experimental yield depth data was within 15%-20% of
the absolute yields. Energy spectra benchmarking studies for prompt-vy monitoring and spectroscopy (above
2 MeV) during proton irradiation showed an agreement within 10%. Currently, FLUKA development is
focused on improving nuclear interaction models, focusing on light ion beams, such as carbon, nitrogen, and
oxygen ions.

Upgraded and thoroughly benchmarked FLUKA models with a flexible DICOM interface of the Flair GUI
comprise a powerful and simple interface to perform Monte Carlo simulations for particle therapy and medical
imaging. The DICOM files are read and processed using the Flair DICOM module. Users can create patient
voxel geometry from CT/MRI files, add information on ROI structures based on RT STRUCT, visualize dose
from RT DOSE, and perform simulation of the PET scanner using an automatic PET geometry generator.
Future work will focus on improving RT PLAN exports and developing a Monte Carlo-based optimizer for
treatment planning.

The FLUKA MC calculations supported the development of commercial analytical TPSs, with the main
focus on dose calculation algorithm enhancements. In addition, institution based home-made solution i.e. at
HIT, and CNAO, automated the MC based re-calculations, supporting the extensive studies on the analytical
algorithm shortcomings for the particle therapy planning. Reported implementations add more information
on the biological effectiveness of the treatment and provide a flexible tool to address scientific questions

aiming for higher-quality treatment.
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FLUKA particle therapy tool for
Monte Carlo independent calculation
of scanned proton and carbon ion

beam therapy

In this Chapter, the development and validation of a specific proton and ion therapy interface - the FLUKA
Particle Therapy Tool is presented. This tool was created to support the application of the FLUKA MC
code in hospital based research environments.

The Chapter is a presentation of the article FLUKA particle therapy tool for Monte Carlo independent
calculation of scanned proton and carbon ion beam therapy published in Physics in Medicine and Biology,
64, 075012; 2019 [13] by following authors:
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Abstract

While Monte Carlo (MC) codes are considered as the gold standard for dosimetric calculations, the
availability of user friendly MC codes suited for particle therapy is limited. Based on the FLUKA

MC code and its graphical user interface (GUI) Flair, we developed an easy-to-use tool which
enables simple and reliable simulations for particle therapy. In this paper we provide an overview of
functionalities of the tool and with the presented clinical, proton and carbon ion therapy examples
we demonstrate its reliability and the usability in the clinical environment and show its flexibility

for research purposes. The first, easy-to-use FLUKA MC platform for particle therapy with GUI
functionalities allows a user with a minimal effort and reduced knowledge about MC details to apply
MC at their facility and is expected to enhance the popularity of the MC for both research and clinical
quality assurance and commissioning purposes.

1. Introduction

Hadron beams have been in the focus of radiation oncology for over 60 years, due to their superior physical
and biological properties compared to conventional high-energy photon beams (Jékel et al 2008, Durante and
Loeffler 2010). Protons are currently used in 80 facilities around the world, with 27 centers in clinical operation
in Europe, and several are under construction. Motivated by the excellent clinical results achieved with carbon
ion beams in Japan, four centers for carbon ion therapy were established in Europe during the last decade.
More recently, the researchers focused also on particle species other than protons and carbon ions, i.e. helium
and oxygen (Fuchs et al 2015, Mairani et al 2016, Knédusl et al 2016, Tessonnier et al 2017a, 2017b). The clinical
outcome of particle therapy depends, besides the various clinical aspects, on the dosimetric accuracy including
accurate dose calculations and beam delivery, respectively. So far most of the clinical experience in particle beam
therapy has been obtained with radiotherapy treatment planning and dose calculations based on semi-analytical
pencil beam algorithms (Hong et al 1970).

Regarding the dosimetric accuracy, general purpose Monte Carlo (MC) codes are considered, as the ‘gold
standard’ (Rogers 2006). However, their complexity leads to a long learning-curve for a typical user. On top of it,
in most cases they are not able to efficiently support DICOM standard (DICOM 2018), optimization processes,
and evaluation of dose distributions as required for clinical treatment planning. As a partial solution to this prob-
lem, commercial MC treatment planning systems (TPS) are being introduced in the clinical routine (Widesott
etal 2018). Apart from their advantages, such as: typically good integration with the standard pencil-beam TPS,
as well as, a relatively short time of calculations, they are not as flexible as the research tools; not all types of par-

© 2019 Institute of Physics and Engineering in Medicine
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ticles are transported and implemented interaction models are limited. This restricts the usage of commercial,
simplified MC TPS with respect to novel ion species, scoring of non-standard quantities (i.e. LET}, experimental
and new RBE models) and accurate dose estimation in non-biological materials.

General purpose MC Codes have a full flexibility to support the above mentioned problems. They have dem-
onstrated a potential as a tool for independent dose recalculation for patient specific QA, or for benchmarking
for dose calculation algorithms of commercial TPS (IAEA and ICRU 2007, Parodi et al 2012, Grevillot et al 2012,
Bauer et al 2014). Several institutions succeeded to develop their own customized solutions based on MC Codes,
mainly for research purposes (Trento—(Fracchiolla et al 2015) (also clinical), CNAO—(Molinelli et al 2013),
HIT—(Parodi et al 2012)). Future systematic and user-friendly utilization of the general purpose MC tools for
quality assurance (QA) and research, requires reliable and at the same time generally applicable interfaces to
connect and embed MC tools in the radiation oncology workflow. One of the general purpose MC Code that has
been continuously developed with a focus on medical application is FLUKA (Ferrari e al 2005, Bohlen et al 2014,
Battistoni et al 2016, Augusto et al 2018).

The purpose of the current manuscript is to present first, an easy-to-use particle therapy platform based on
FLUKA and to demonstrate its potential for clinical applications on selected examples for proton and carbon ion
beams, i.e. beam modelling or patient specific treatment plan QA. Furthermore, with the new FLUKA release,
the platform currently supports biological dose calculations as well as calculations of dose-averaged LET distri-
butions for treatment plans. These new developments are scheduled for release in 2019 and will hence become
widely available.

2. Materials and methods

Recent developments of the FLUKA particle therapy tool aim at supporting current research challenges. The first
section provides general information about its functionalities. The subsequent sections present its usage for the
following applications:

e Patient specific treatment plan QA for proton therapy in clinical setting (section 2.3)

o Biological dose scoring for carbon ion therapy (section 2.4)

e Dose-averaged LET determination on the basis of treatment plans generated with a commercial TPS for
carbon ion therapy (section 2.5)

2.1. FLUKA Monte Carlo code and its GUI Flair for particle therapy

The FLUKA particle therapy tool is based on the established general purpose MC code FLUKA, which includes the
state-of-the-art physics models (Ferrari et al 2005, Bohlen et al 2014). FLUKA has been thoroughly benchmarked
against depth-dose data and lateral profiles from research and clinical particle-beam therapy accelerators, for
protons, carbon and various other light ions with therapeutic potential (Battistoni et al 2016, Parodi et al 2012,
Mirandola et al 2015), as well as supported a beam characterization for the design of TULIP (TUrning LInac for
Protontherapy) (Cuccagna et al 2018). To provide a flexibility in designing simulations for particle therapy as
well as to improve the usability, FLUKA was enhanced with several new functionalities.

The FLUKA particle therapy tool is integrated with Flair (Vlachoudis 2009, Vlachoudis and Sinuela-Pastor
2014)—a graphical user interface (GUI) and an integrated development environment (IDE). Flair enables creat-
ing and editing error-free FLUKA input files, writing and compiling user routines, executing simulations, data
processing and plot generation. It is based on Python and thanks to its modular design the RTmodule for particle
therapy was implemented to enhance the use of the new FLUKA functionalities for medical applications.

For particle therapy applications of FLUKA described in this study, the predefined simulation default settings—
HADROTHErapy is always chosen to guarantee a reasonable simulation time and reliable accuracy. Particle trans-
port thresholds are set down to 100 keV; except low energy neutrons, which are transported down to 10~> eV.

Atomic physics models handle continuous energy loss, energy loss straggling, delta-ray production (produc-
tion cut at 100 keV) and the multiple Coulomb scattering of charged particles. Nuclear interaction models for
hadrons, photons, muons and neutrinos are described using PEANUT model (Battistoni et al 2006). For ions,
in the range down to 0.1 GeV n~!, FLUKA uses a modified version of relativistic quantum molecular dynamics
(RQMD-2.4) model (Andersen et al 2004) implementation, below 150 MeV n™! nuclear reactions are handled by
Boltzman master equation (BME) (Cerutti et al 2006), while smoothly transiting from one model to another in
the overlapping range of energies.

Typical input and output standards used in the clinical experience is recognized by the platform, and the
exported data readable by other software. The RTmodule uses the DICOM (digital imaging and communica-
tions in medicine (DICOM 2018)) standard for the data exchange with imaging tools or TPS. More specifically,
it can process computer tomography (CT) files into the voxelized patient geometry and translate and embed
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regions of interest (ROI) from DICOM RTSTRUCT file into patient-voxel files readable by FLUKA. The mod-
ule imports information from each pencil beam spot described in the DICOM RTPLAN file. It processes the
DICOM RTDOSE file into the FLUKA format and provides a tool for direct comparison with the FLUKA output.
The obtained FLUKA data can be then exported to the DICOM RTDOSE format. For treatment plan calcul-
ations, the FLUKA particle therapy tool enables handling a multiple-field treatment at once or performing indi-
vidual treatment field analysis with possibility of merging data from individual fields. Furthermore, for the sake
of the compatibility with clinically used and commissioned TPS, on-the-fly conversion of dose-to-medium to
dose-to-water can be performed for both physical and biological calculations (Bauer et al 2014).

The standard patient model for stoichiometric calibration of voxelized CT-based geometry is based on a pub-
lished Hounsfield unit (HU) calibration procedure (Schneider et al 2000). Creation of a voxel geometry requires
two files. The individual assignment of HU (or any other arbitrary unit) to tissue material, and the composition
of tissue components. It is important to emphasize that if the individual stopping power (dE/dx) determined by
FLUKA does not match exactly the stopping power used for clinical TPS (due to minor differences in the defined
material composition), there will be a systematic deviation in the particle ranges. Correction factors for stopping
powers can be added to overwrite FLUKA-calculated values.

The beam source can be generated directly from clinical treatment plans. The DICOM RTPLAN file contains
the essential information of each pencil beam spot (i.e. energy, position, rotation), which are then translated to
FLUKA-proprietary functions. Specific beam model information is treated as supplementary data; details for
selected key energies needs to be provided in a separate file, and the values between key energies are interpolated
using a spline algorithm. This supplementary information encompasses: beam size, angular spread, momen-
tum spread and other data specific to the treatment and gantry/beamline facility, such as the normalization of
monitor units (MU) to the number of primary particles. In the other words, each defined pencil beam spot has
its assigned individual set of modifiable parameters. This eases and accelerates the facility-specific beam model
creation and verification.

While importing DICOM information into the FLUKA input RTmodule, scoring parameters (such as: voxel
size, dose binning and patient/image orientation) are automatically determined to simplify subsequent dosimet-
ric assessment. The RTmodule determines the scoring resolution based on the DICOM RTDOSE file, however,
on top of the standard dose scoring, it is possible to modify the pre-generated settings or to specify additional
scoring estimators.

Finally, for biological dose (Dgpg) computation as presented here, a radiobiological database for the local effect
model (LEM) (Scholz etal 1997) is used for FLUKA simulations (Mairani et al 2010). In the respective FLUKA input
fileitis possible to include external files that describe alpha and beta parameters within the linear quadratic formal-
ism, of different tissue components of the mixed radiation field as a function of energy per nucleon and ion. This
allows to interface easily external RBE models with the FLUKA computation. At the end of the simulation, dose-
weighted averages of a/4* and 3 are obtained for each voxel using the formalism from (Krimer and Scholz
2006), followed by the calculation of the survival curve and dose-weighted RBE (see appendix).

2.2. Commissioning of the FLUKA particle therapy tool for independent dose calculations

For testing and illustrating the versatility of the FLUKA particle therapy tool on clinical cases, the tool was first
commissioned for two particle therapy facilities, i.e. the synchrotron based facility CNAO for proton and carbon
ion therapy and the cyclotron based proton facility at Trento. For these two facilities two different levels of
commissioning were performed, which is described briefly in the following. Then the commissioned data were
handled via the RTmodule functionalities.

Commissioning for the CNAO facility: The geometry of the CNAO horizontal beam-lines was modelled,
including the vacuum window, the beam monitoring system and the air gaps. For each proton and carbon ion
beam within the clinically relevant energy range, both the momentum spread and the size of the beam before the
nozzle were adjusted to match the commissioned measured values. Furthermore, for carbon ion beams, ripple
filters were embedded into the geometrical description as additional ‘lattice’ layers. A previously determined
facility-specific CT calibration curve was provided. FLUKA-based stopping powers for different materials were
slightly adapted to match the predetermined TPS-based dE/dx values.

Commissioning for the Trento facility: For the modelling of the Trento proton facility, no detailed information
concerning the beam delivery system was available, thus the methodology presented in Fracchiolla et al (2015)
was used. Original beam data used for the MC model in Fracchiolla et al (2015) was retrieved and described in
the supplementary beam model file. Simulations for 16 key energies (between 70 MeV and 200 MeV in steps of
10 MeV) were performed and compared with commissioning measurements in terms of range and spot size.
The range was defined as the position of the 90% of the maximum of the curve in the Bragg peak’s distal fall-
off (Rygg) for integral depth dose curves measured in water, while spot size was defined as sigma obtained for a
single Gaussian fit in transversal planes for measurements in air at five distances from the isocenter (—19.8 cm,
—10cm, 0cm, +10cm, 420 cm). For treatment simulations, the beam energy delivered for the Trento cyclotron
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Table 1. Input parameters for LEM I for chordoma cells.

Input parameter Value
ax(Gy ™) 01
Bx(Gy™2) 0.05
D (Gy) 30

was assumed to be continuous in the range from 70 MeV to 226 MeV. Values for the energies in between were
interpolated using a spline algorithm. For the commissioning of the facility, a specific CT calibration curve and
two phantoms were used to adjust the default HU-tissue calibration within the FLUKA particle therapy tool.
The first phantom consisted of two material blocks with significantly different densities (two plates substituting
tissues—lung 0.3 g cm > and bone 1.819 g cm ), while the second one was an anthropomorphic lung phantom.

2.3. Application 1: patient specific treatment plan QA in particle therapy

Representative clinical treatment plans were selected at the two different particle therapy treatment centers.
These were generated using commercial and fully commissioned TPS (Syngo at CNAO, RayStation version
6i in Trento). At both sites dose distributions resulting from treatment plans are calculated with pencil beam
algorithms implemented in the TPS.

Based on this data, FLUKA input files were built using the RTmodule. Pencil beam scanning data (particle
species, position, rotation, intensity and spot size at the isocenter) were extracted from treatment plans. For both
cases supplementary beam model file with the additional, commissioned beam source information were used. In
the case of CNAO simulations, the model of the beam nozzle was designed using FLUKA combinatorial geom-
etry, however the model, once created, can be easily re-adapted for further simulations.

Two proton chordoma patient cases were selected from each of the facilities. The cases are representative for
rather homogeneous tissue conditions. Each treatment plan consisted of three fields. As third proton example, a
head-and-neck cancer case, representative for more heterogeneous tissue conditions, was selected. In addition,
in this setting a 4 cm thick range shifter was used and modeled in FLUKA geometry. The last clinical case was a
chordoma patient, treated with carbon ions using a two field arrangement.

Standard dose scoring in terms of dose-to-water was applied, as well as dose-to-medium. For proton simu-
lations 1% of the planned number of particles was used, while for the carbon ion 10% of planned particles was
used to obtain error below 1% for values above 25% of the maximum dose. All calculated dose distributions were
evaluated in terms of Dose-Volume-Histograms and several DVH parameters were extracted and compared (Ds
and Dys for PTV, Ds, D7 5 and Do for OAR). As in clinical practice a fixed proton RBE of 1.1 was used.

2.4. Researchapplication 2: biological dose calculation
For biological dose calculation, a carbon ion treatment plan of a chordoma patient case was selected. Biological

dose calculations with FLUKA were performed using the LEM I model with the parameter set, given in table 1.

2.5. Researchapplication 3: dose-averaged linear energy transfer scoring

The final research application presents the possibility of extracting an unrestricted dose-averaged linear energy
transfer (LET,) distribution from TPS files, which can serve as a simplified indicator for future approaches of
treatment plan optimization or radiobiology oriented research.

The scoring of the LET,; (ICRU 1970) was performed with external FLUKA user routines, which will be added
as a standardized estimator in the future. This external routine was designed to derive the total LET,, which takes
into account the contribution from primary and secondary particles from each beam spot, calculated through
scoring separately the numerator and denominator of the equation (1) from (Wilkens and Oelfke 2003):

_ Zfil fooo S?(E> 2)i(E, z)dE
S Sy Si(E2)pi(Es 2)dE

where S;is the is the stopping power of the beam spot i with energy E at depth z,and (; is alocal particle spectrum
of the beam spot i with energy Eat depth z.

Ld(Z)

(1)

3. Results

3.1. Commissioning
Since the commissioning of the CNAO facility with FLUKA was previously performed and the related results
can be found in Molinelli et al (2013), Mirandola et al (2015), Parodi et al (2013) and Mairani et al (2013), we
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Figure 1. Comparison of measured and simulated IDD in water presented as a range difference. Lines are presented only for better

readability.
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retrieved the required beam and calibration data. This information were directly used in FLUKA particle therapy
tool for the presented CNAO clinical cases.

However, the commissioning of the Trento beam model required model validation in FLUKA. Simulations of
pencil beams with selected energies showed a very good agreement with integrated depth doses (IDD) measured
in water (figure 1) and Bragg peak shape. The spot size differences in air for x and y axis at the isocenter between
measurements and simulations are less than 10% (figure 2), while for all five distances, the mean difference does
also not exceed 10% for any of the key energies. This difference is considered to be adequate from a clinical per-
spective because it is comparable with the spot size fluctuations for each energy as a function of spot position

and gantry angle (Schwarz et al 2016). Concerning the CT calibration curve, the discrepancies between the dose
distributions obtained with FLUKA and the clinically used TPS were negligible, therefore it was decided not to
correct and overwrite stopping powers calculated by MC. A more detailed approach would require calibration
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Figure 3. RTViewer representation of dose deposition for TPS (a), FLUKA (b), and Difference (FLUKA-TPS) (c) in [GyRBE] of

chordoma CNAO case. Presented ROI—PTV (violet), Brainstem (orange).
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Figure4. DVH’s for TPS and MC simulations for full plans for chordoma cases. Presented OAR—brainstem (BrainS), optic nerve
(OptN). (a) ChordomaCN. (b) ChordomaTR.

with a tissue characterization phantom, composed of several materials of known elemental composition and
electron density.

Based on the commissioned data we tested the functionality and verified our automatized approach on the
proton and carbon case presented in this article.

3.2. Application 1: patient specific treatment plan QA in particle therapy

Chordoma cases (three field arrangements): figure 3 shows the comparison of dose calculation results (at the
isocenter plane) obtained with the respective clinical TPS (a), with the FLUKA particle therapy tool (b) for the
clinical chordoma case at CNAO (ChordomaCN), as well as the absolute difference (c). As expected, for this
relatively homogeneous case, a good consistency was found for dose-to-water calculation.

Figure 4 shows the corresponding DVH, and table 2 summarizes respective DVH parameters. For this chor-
doma case at CNAO the difference in selected DVH parameters for the PTV did not exceed 0.4% and for OAR the
maximum difference of DVH parameters was 3%.

Similar results were obtained for the chordoma case at Trento proton facility (ChordomaTR), although these
results were found to be slightly less accurate, with a difference in the DVH parameters up to 1.6% for the PTV
and 4% for OAR.

Head and neck (2 fields arrangement): figure 5 shows the comparison of dose calculation results obtained
with the respective clinical TPS and those obtained with the FLUKA particle therapy tool for the head and neck
case at Trento proton facility, in the principal planes ((a)—(c) axial, (d)—(f) coronal, (g)—(1) sagittal) covering the
isocenter. The right column figures show the absolute dose difference at the isocenter. The TPS overestimated the
dose in empty cavities up to 16% and thus underestimated the particle ranges. The resulting differences in the
DVH are shown in figure 6. Table 3 summarized the most essential DVH parameters. Dys, exceed 14% for PTV1
and Dysy, 21% for PTV2. For OAR these values were respectively: 7% for Dso; at brainstem, 22% for D gy at optic
nerve, 8% for Dy, at thyroid.
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Table2. DVH evaluation for two chordoma cases [GyRBE].

PTV Brainstem Optic nerve
Dsy, Dose, Dsy, Dy 59 Doy Dsy, D759% Dioy,
ChordomaCN TPS 58.5 43.6 42 39.8 37.8 45.5 45.7 46.4
MC 58.3 43.7 41.3 39.3 37 46.2 46.5 46.9
ChordomaTR TPS 60.8 49.4 53.2 48.9 45.2 54.4 51.6 49.1
MC 60.4 48.6 52.1 47.4 43.4 53.1 50.7 48.3

Figure 5. RTViewer representation of dose deposition for TPS, FLUKA, and Difference (FLUKA-TPS) in [GyRBE] of HeadNeckTR
case in three planes (top (a)—(c)—axial, middle (d)—(f)—coronal, bottom (g)—(i)—sagittal). Presented ROI—PTV1 (red), PTV2
(pink), brainstem (orange), thyroid (dark blue), spinal cord (blue).

These significant differences were first associated with the range shifter modelling in TPS. To test this hypoth-
esis, patient specific QA measurements were retrieved from IBA MAtriXX and compared with MC simulations
performed at three depths in a homogeneous Gammex phantom: at 2 cm, 3 cm and 5 cm. The calculated doses
were subsequently compared to measurements and a gamma index analysis was performed with a dose tolerance
(DT) of 3%, distance-to-agreement (DTA) of 3 mm and lower dose threshold of 1% of the maximum measured
dose. In case the gamma evaluation is performed with MC simulations, potential artifacts, due to statistical noise,
need to be considered (Low and Dempsey 2003). The average score for gamma index analysis at all three depths
and for both fields was 96%. Consequently the range shifter model used in MC was ranked as acceptable and the
dose differences between MC and TPS calculations were associated rather with shortcomings of pencil beam
algorithm modelling for the primary beam interaction in the range shifter and lateral inhomogeneities (Saini
etal 2017, Widesott etal 2018).
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Figure 6. DVH’s for HeadNeckTR case for PTVsand selected OARs. (a) PTVs. (b) OARs.

3.3. Researchapplication 2: biological dose scoringin ion therapy
The biological dose scoring for the chordoma case treated with carbon ion therapy at CNAO is presented in
figure 7. The right hand figure is the physical dose distribution after recalculation with the FLUKA particle
therapy tool, while the left hand side figure shows the resulting biological dose. As mentioned previously, for the
scope of this comparison the LEM I was used, as it is the standard clinical radiobiological model employed for
carbon ion therapy in Europe.

The scored RBE-weighted dose was compared with the results obtained in the TPS, and good agreement is
observed in 2D cross-section presented in figure 7 as well as for the DVH comparison shown in figure 8.

3.4. Researchapplication 3: scoring of dose-averaged LET

Figure 9 shows the dose-averaged LET distribution (LETp) in the isocenter plane of the carbon ion case, and
the resulting LETp-volume histograms (LVH). When studying the LVH the pronounced variation of the LET,
across the target and OAR can be noticed. While 95% of the PTV received values of 55 keV pmfl, for the ‘most
exposed 5%’ of the PTV volume the LETp almost doubles to 102 keV ym™". The highest LETp, values above
100 keV ,um*1 were found to be located at the PTV edges. For the selected OARs, i.e. brainstem and optic nerve,
10% of the respective volumes received LETp, of at least 67 keV ym ™! and 47.5 keV pm ™"

4. Discussion

Particle therapy is a growing field within radiation oncology that faces a number of challenges. Starting from
the beam delivery, passive scattering is being eclipsed by pencil beam scanning technology, for which much less
experience has been gathered so far (Lomax 2008a, 2008b). The biological quantification of particle beams and
the assessment of treatment plans are re-discussed, this includes the clinically used constant RBE for proton
beams, as well as radiobiological models in general. In addition there is and ongoing discussion about novel ions
species beyond proton and carbon ions (Mairani et al 2016,2017). This manuscript illustrates the potential of the
FLUKA particle therapy tool in this context, ranging from QA purposes in clinical particle therapy environment
to clinical radiobiology oriented research.

The FLUKA particle therapy tool has been specifically designed to support independent dose verification for
particle therapy, as a recommended part of the QA procedure (IAEA and ICRU 2007). For fluence modulated
radiotherapy techniques, for both photon and particle therapy, the current best practice is to perform exper-
imental treatment plan verification as part of the patient specific QA program. This procedure is beam time and
workload intensive, and inefficient in detecting errors (Lomax et al 2004, Arjomandy et al 2010, Furukawa et al
2013). Thus, independent dose calculation (supported by log-file recalculations) is an alternative procedure for
patient specific QA, but also for systematic investigations of dose calculation uncertainties or uncertainties in the
beam model of commercial TPS based on studies using (anthropomorphic) phantom or patient cases. Model-
ling of the primary beam interaction within the range shifter or the poorly modelled multiple Coulomb scatter-
ing in complex geometries were identified as shortcomings of dose calculation algorithms in commercial TPS
(Tourovsky et al 2005, Paganetti 2012, Verburg and Seco 2013, Grassberger et al 2014, Taylor et al 2017, Saini et al
2017, Widesott etal 2018).

When aiming to apply general-purpose MC codes for verifying TPS, and its integration into the clinical
research, workflow is key—implying smooth and flexible data import from the TPS and imaging systems. With
the proton and carbon ion therapy cases exemplified above, the FLUKA particle therapy tool demonstrated
such functionality and usability in a clinical setting. The current implementation allows fast export of the TPS
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Figure7. RTViewer representation of biological (left) and physical (right) dose deposition for FLUKA in [GyRBE]/[Gy] of carbon

case. Presented ROI—PTV (dark blue).
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Figure 8. DVHs for carbon case for carbon ion case. (a) DVH for biological dose. (b) DVH for physical dose.
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Figure9. Dose-averaged LET scoring for carbon case. (a) RTViewer representation of LETp (keV um™'). Presented ROI—PTV

(dark blue). (b) LETp volume histogram.

radiotherapy plan files, which was tested on two different TPSs. The Flair geometry editor allows adapting the
simulations into the specific treatment scenarios, and if needed supports modelling of the range shifter, ripple
filter or other devices used during treatment. Finally it is possible to export the results into DICOM standard files,

readable by most clinical and research software.
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Table 3. DVH evaluation for head and neck case [ GyRBE].

PTV1 PTV2

D5y, Dose, Dsy, Dosy,
TPS 67.3 55.2 72.3 67.1
MC 62.2 47.4 72.5 53

Brainstem Thyroid Spinal cord

Dsy, D759 Doy Dsy, D759 Doy Dsg, D759 Doy
TPS 32.8 29 26.1 70.9 70.2 68.9 25.4 22.6 19.8
MC 35.1 30.8 27.2 57.1 55.8 53.9 25.8 234 21.3

A limitation of some of the above-presented clinical cases, lays mostly in the not fully exploited commission-
ing measurements and applied simplifications. Obviously commissioning and beam modelling of the FLUKA
particle tool itself has an impact on the achievable dose calculation accuracy. For example, the differences in the
chordoma case from the Trento proton facility showed slightly higher differences compared to the CNAO case.
This was inevitable due to less rigorous beam modelling as well as the HU-tissue calibration, which was on pur-
pose not exploited fully to illustrate that the FLUKA particle tool can be setup easily, with acceptable results, even
if the detailed geometry of the beam delivery system or the HU calibration curve is not known. Consequently,
this affected insignificantly the ranges of the primary beam spots, resulting in marginally higher differences in the
selected DVH for the Trento cases. On the other hand, HU calibration has also an inherent uncertainty around
2%-3% (Schuemann et al 2014). However, even with a rather generic HU calibration curve and no detailed beam
line information the FLUKA particle therapy tool can be used for clinically motivated and oriented research.

One of these applications is the systematic exploration of helium or oxygen ions, which FLUKA can support
due to its benchmarked interaction models. Especially helium ions have become a research focus during the
last years and it is generally agreed that they are a promising alternative to proton therapy due to their favorable
physical and biological properties (Fuchs et al 2015, Mairani et al 2016, Knidusl et al 2016, Tessonnier et al 2017a,
2017b). The versatility of FLUKA for helium ion beam research was recently demonstrated for brain and ocular
meningiomas (Tessonnier et al 2018). Despite the promising result achieved so far, further studies for different
tumor entities are still needed to investigate the clinical potential of helium ions.

Moreover, the radiobiological modelling of helium remains a major challenge in the light of the limited num-
ber of experimental data. Based on the pioneering work at the Heidelberg ion therapy facility it can be expected
that other European synchrotron based particle therapy facilities will follow and more radiobiological data will
become available in the coming years. Thorough benchmarking of the applied FLUKA model for RBE-weighted
dose calculations based on the LEM model was already demonstrated for protons and carbon ions (Bauer et al
2014, Mairani et al 2008). The FLUKA interface for biological calculation based on the linear-quadratic (LQ)
formalism allows to apply biological calculations of the plan with several different models, such as LEM IV
(Elsasser et al 2010) and microdosimetric kinetic model (MKM) used by NIRS (National Institute for Radiologi-
cal Sciences, Japan) (Magro et al 2017). Thus the FLUKA particle therapy tool can further serve as support for
comparison between different biological models and for exploring novel ions species.

The uncertainties in radiobiological models motivated to explore the dose average LET (LET)) as additional
descriptor for characterizing dose distributions in particle beam therapy. It is well known that high-LET results
in higher cell-killing per absorbed dose, and can overcome radio resistance (Schlaff et al 2014) of tumor cells,
but it is also well known that high-LET causes higher toxicity when delivering doses with high RBE to OAR. The
significant difference between the RBE-weighted DVH and LVH exemplified above in section 3.4 underlines the
importance of LET assessment (Cao et al 2018).In the new clinical era of particle beam therapy that has been ini-
tiated with the widespread implementation of pencil beam scanning, such additional scoring of treatment plans
becomes essential. The FLUKA particle therapy tool can support such clinical research related to LETp or can be
used to benchmark or validate LET calculation modules in commercial TPS.

5. Conclusion

In this study the performance of the FLUKA particle therapy tool in the clinical environment was presented.
The application was tested in the scope of two different facilities and against their commissioned TPS for QA
purposes, RBE-weighted dose and dose-averaged LET scoring, for proton and ion treatment plans. Presented
work is encouraging and it is planned to be applied in the clinical environment in the near future.

To conclude, the FLUKA MC code using well benchmarked physics models provides good accuracy for clini-
cal purposes, and the newly developed RTmodule in GUI Flair supports user during the simulation workflow.

10
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FLUKA particle therapy tool is reliable and well integrated with the code itself, it allows to import data, tailor it
according to the user’s needs and arrange the simulation input file with no detailed knowledge of the MC code.
The user can share the results and export the output for further analysis in external software. Due to its flexibility
itis easily applicable also for research purposes.

Current work is focused on improving the usability of the particle therapy tool and extending the range of
applications for the clinical and research environment.
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Biological scoring
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where o}** and B{)”i’“’d are dose weighted averaged for the mixed radiation field and S,,4x 1S Spax = ax + 28x Dy
with coefficients from table 1.
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Drse = {Hn(s) 10(S1)) /S + D “1n(S) > —In(S,) (4.2)
RBE = Dggg/D, (A3)
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Chapter 4

Development of a radiobiological
model BIANCA

This Chapter presents an overview of recent developments and benchmark studies for the BIANCA radiobio-
logical model. It is based on the article First benchmarking of the BIANCA model for cell survival prediction
in a clinical hadron therapy scenario, published in Physics in Medicine and Biology 64 215008; 2019, by

following authors:

Mario P. Carante’2, Giulia Arico 3, Alfredo Ferrari®, Wioletta Kozlowska®® Andrea Mairani®”,
1,2

Francesca Ballarini
and article In vivo validation of the BIANCA biophysical Model: Benchmarking against Rat Spinal Cord
RBE data , published in International Journal of Molecular Sciences 21; 2020 by the following authors:

Mario P. Carante'?, Giulia Arico 3, Alfredo Ferrari®, Christian P. Karger®, Wioletta Kozlowska®?®,
1,2

Andrea Mairani®’, Paola R. Sala®, Francesca Ballarini
L INFN, Sezione di Pavia, Italy; 2 Physics Department, University of Pavia, Italy;

3 CERN - European Organization for Nuclear Research, Switzerland;

4 Department of Medical Physics in Radiation Oncology, DKFZ, Germany;

® Medizinische Universitit Wien, Austria; © CNAO, Ttaly; ” Heidelberg Ion-Beam Therapy Center, Germany;
8 INFN, Sezione di Milano, Italy

Wioletta Kozlowska Contribution: Integration of the BIANCA model with the FLUKA MC code and
FLUKA Particle Therapy Tool, as presented in detail in Section 4.4. Extension of the BIANCA model to
different cells of interest, validation, and benchmarking of the BIANCA model against experimental data

and comparison with clinical radiobiological models using FLUKA simulations, as presented in Section 4.5.
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4.1 Introduction

BIANCA (Blophysical ANalysis of Cell death and chromosome Aberrations) [296] is a biophysical model
that models cell death and chromosome damage caused by different charged particles used in hadrontherapy,
such as protons, helium ions (He-ions), and carbon ions (C-ions). The initial BIANCA model was specific
to radiation-induced chromosomal aberrations [275, 297, 298| and was later extended to the prediction of
cell death [18, 102, 155, 296, 299, 300]. Implementation of the BIANCA model is based on a Monte Carlo
(MC) code, which links the amount of energy deposited in the cell nucleus by different ion types to damage
cell DNA, chromosome aberrations, and eventually, cell death. The biophysical properties of various cells
are described using two adjustable BIANCA parameters.

Recently, with increased interest in other ion species in radiation therapy, the BIANCA model has been
expanded to oxygen ions (O-ions). The upgraded model was benchmarked against experimental data on
the LET-dependence of RBE for reference V79 cells irradiated by ions with Z in the range from 1 to 8. A
reference database of V79 cells is the basis for the creation of other RBE databases for various cell lines of
interest. Another significant milestone was achieved by integrating the BIANCA model with FLUKA MC
code [13, 16, 61, 301]. This integration allowed the performance of benchmarking studies for the BIANCA
model in clinically relevant scenarios. In one of the presented studies, two opposing fields of corresponding
range beams of protons or C-ions were simulated in FLUKA, and cell survival rates were calculated using
the integrated BIANCA model. The obtained results were then compared with experimental data from HIT,
as presented by Elsésser et al [26].

Further work evaluated the performance of the BIANCA model against radiobiological experimental data for
the rat spinal cord after C-ion and proton irradiation [32]. The rat spinal cord model is a well-established
standard for investigating late reactions of the central nervous system (CNS)[302] because human-based
data for CNS radiation tolerance are scarce. For skull based tumors treatment, this is a major biological
end-point and critical dose limit. Rat spinal cord data were applied to determine RBE values for C-ions
[27, 29, 31, 30] and proton therapy [32] and were employed for the LEM I model and the more recent LEM
IV [26] model.

4.2 The BIANCA model

As previously mentioned, the BIANCA model is implemented in the form of Monte Carlo code. The
subsequent sections provide an overview of recent developments in the BIANCA model. A more detailed
discussion of the assumptions used for the BIANCA model can be found in [18, 296]; only a few key issues
are presented in this Chapter.

In Chapter 1, Section 1.3 discusses the impact of ionizing radiation on biological materials. It was mentioned
that, with a certain probability, ionizing radiation can cause severe damage to the double helix of a cell’s
DNA, producing two independent chromosome fragments. This type of damage, by definition, is called
a Critical Lesion (CL). CLs are likely to be double-strand break (DSB) clusters [303], but their detailed
features remain an open question in radiobiological research. Therefore, no theoretical definition of critical
lesions was presented in this study. CL yield expresses the amount of initial damage, with respect to their

severity and biological impact, which causes the chromosome to break into two large (visible in metaphase)
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independent chromosome fragments. The CL yield is defined as the mean number of CLs per Gy per cell, and
in the case of ions, it is converted into CLs per unit length of the particle track. The resulting chromosome
fragment joining can lead to lethal or non-lethal chromosomal aberrations. CL yield is highly dependent on
the radiation type and particle energy, as well as biological criteria, such as cell-specific repair proficiency.
It increases within LET (up to a certain level, when the overkill effect starts to manifest itself), and with
cell radiosensitivity. The CL yield value affects the absolute number of surviving cells at various doses
without modulating the shape of the survival curve. In the BIANCA model, CL yield is the first adjustable
parameter.

An independent chromosome fragment, created by CL, will then attempt to reconnect (end-join) with another
fragment. Two chromosome free ends with an initial distance smaller than d will undergo end-joining with
a certain probability, whereas two fragments with an initial distance larger than d will never undergo
end-joining. This process is well described by a step function with a threshold distance d defined as the
mean distance between two adjacent chromosome territories. Not all chromosome fragments located within
a threshold distance d from each other undergo a re-joining process, and with a certain probability f,
some fragments might remain unrejoined. Probability f is not dependent on the particle type and energy;
however, it is determined by the cell line characteristics. More radiosensitive cells present a higher probability
of remaining unrejoined chromosome fragments than normal radioresistant cells. Probability f is the last
modifiable parameter of the BIANCA model. The step function, which describes the rejoining process, works
well for predicting cell death [20, 102, 155, 156, 296]. On the other hand, if the aim is to distinguish between
different chromosome aberration types, recent works have proposed an exponentially decreasing function.
In particular, this function has been proven to differentiate well between inter- and intra-arm exchanges
[304, 305], leading to potential lethal aberrations.

Subsequently, the ratio between lethal and non-lethal chromosomal aberrations was determined based on
experimental observations. It defines the ratio between the logarithm of the surviving fraction and the
mean number of lethal aberrations per cell (i.e., dicentrics, rings, and deletions) visible during metaphase
[306, 307].

a b C d

Figure 4.1: Chromosome aberration schematic (a) dicentric, (b) translocation, (c) centric ring, (d)
terminal deletion. Reprinted from [18].
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Simulations of chromosome aberrations in the BIANCA model [156, 296, 308| require several initial pa-
rameters, describing the cell specification, CL yield, f parameter, cell nucleus size and shape (spherical or
cylindrical), irradiation parameters - particle species (photons, light ions, or heavy ions), LET, and finally
an absorbed dose. The simulation model defines a chromosome territory as an (irregular) intranuclear region
composed of a set of cubic voxels allocated within the cell nucleus. Extracting the value of CLs for each
cell depends on the radiation type. If the cell is irradiated with a given dose of photons, CLs are evenly
distributed in the cell nucleus, and the exact number of CLs is determined by the Poisson distribution.
However, if the cell is irradiated with a given dose by a certain ion type of a specified LET, first, the number
of particles travelling through the cell nucleus is extracted from the Poisson distribution, and the exact
number of CLs is derived from the Poisson distribution for each traversing primary ion. Depending on the
ion type, CLs are allocated either along the straight line of the traversing particle path (proton and He-ions)
or within a certain radial distance from the primary-ion trajectory. This takes into account that half of the
deposited energy originates from interactions taking place along the main particle path, whereas the second
half is derived from ionization induced by § — rays, found mainly in the penumbra [309].

In the final step, the position of each CLs, is determined and compared with the coordinates of the voxels
representing the chromosome territory. After defining chromosomes and chromosome arms hit by CLs, end-
joining or un-rejoining fragments are simulated to estimate the surviving fraction. Lethal aberrations are
identified and accounted for cell death; otherwise, the cell is marked as surviving. MC simulations for the
BIANCA model are performed for all considered dose levels to obtain dose-response curves for cell death
and aberrations, and they are repeated until a certain statistical significance is obtained. More detailed
information regarding simulations of interphase chromosome territories and arm domains can be found in
Tello et al [304, 305].

4.3 BIANCA database for different ions and cell types

4.3.1 RBE calculation for different ion types

In recent years, the BIANCA model has been shown to be capable of reproducing experimental survival
curves for V79 and AG01522 cells irradiated by monochromatic protons, C-ions, or He-ion beams [156].
This section presents a summary of a method used for the adjustment of the CL yield parameter to extend
the BIANCA model for the new ion type - oxygen (O-ion). More detailed information and a more profound
discussion of these results can be found in the original version of the article [20].

Simulated survival curves for oxygen irradiation were benchmarked against experimental data for V79 data
from Stoll et al [19]. As the un-rejoining probability parameter f is not dependent on the radiation type, it
was fixed to 0.08 value, hence the CL yield was the only adjusted parameter.

Figure 4.2 shows the BIANCA simulation results for V79 cells obtained for five O-ion beam exposures with
LET values of 18, 46, 238, 276, and 754 keV/um, and compared with the experimental data from Stoll et al
[19]. It can be noticed that the mean number of CLs per unit track length [CL/pm]|, for O-ions is comparable
to the C-ion results presented in [156] for the same LET values. As shown in Table 4.1, the presented ion
species demonstrate a similar LET dependence; higher LET values lead to an increase in CL yield.

Although the mean number of CLs per unit dose and DNA mass [CL - Gy~' - cell™'], reached a maximum
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Figure 4.2: Survival of V79 cells exposed to O-ion beams of 18, 46 keV /um (a), 238, 276, 754 keV /um
(b). Lines are the simulation outcomes, and points are the experimental data [19]. Published in [20].

Ion 18 keV/um 46 keV/pum 238 keV/um 276 keV/um 754 keV /um
O-ion | 0.009 0.031 0.389 0.384 0.678
C-ion | 0.007 0.034 0.343 0.385 0.657

Table 4.1: CL yield expressed as mean number of CLs/um for O-ion and C-ion at different LET
values. Published in [20].

value at 238 keV/um, and a further decrease for higher LET, as expected for RBE (see figure 4.3(b)), a
similar situation was also found for C-ions [156]. The difference between the LET-dependence curves of
CL/pum and CL - Gy~ ' - cell ™! is related by the following Equation:
_CL —6.25- ¢L Y
Gy - cell um L’
where L is the LET [keV/um], and V is the cell nucleus volume [um?].
After adjustment of the CL yield to selected LET wvalues, it is possible to fit the LET-dependence curve

(4.1)

to the CL yield for the selected ion type, resulting in a full prediction of cell survival dose-response for, in
theory, any LET value and any particle involved in the irradiation process.

Simulation of the BIANCA model for V79 cells irradiated by protons, He-ions, and C-ions of different LET
values estimated the full survival curves for these three ion species for different LET values. For protons
(LET: 2.5-30 keV/um), 12 survival curves were created for He-ions (LET: 5-90 keV/um) 18 curves, and
29 curves for C-ions (LET: 10-500 keV/um). The linear and quadratic coefficients of the Linear Quadratic
Model (LQM) (see Equation 1.29) were fitted for each survival curve. Subsequently, the following expression

provides a means of calculating the RBE values for different ions at different LET values [73]:

20: [*ax + \/m]

RBE = )
28x [—ai + /a2 — 4ﬂilnS]

(4.2)

where ax and 8x are photon coefficients, «; and §; are ion coefficients (at a given LET), and S is the chosen
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survival level.

Below, a short overview of the benchmarking results for RBE prediction with different ion types for V79 cells
is presented. Although the BIANCA application reported in Chapter 5 is concentrated on C-ion treatments,
proper evaluation of ions with Z < 6 is essential to account for the biological impact of all ion fragments
created during irradiation.

A comparison between the BIANCA model and experimental data for the RBE at 10% survival (RBFE1q%)
for V79 cells is presented in Figure 4.3. Figure 4.3 (a) represents BIANCA predictions for protons and He-
ions (line) compared to experimental data from [21, 22] (protons), and data from [23] (He-ions represented
as He-3), plus the Li-7 point taken from [24]. Regarding heavier ions, Fig 4.3 (b) shows BIANCA predictions
for C-ions benchmarked against experimental C-ion data from [23], as well as O-ion points [19], B-ion points

[25], and N-ion point [25].
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Figure 4.3: RBE;yy for V79 exposed to: (a) protons and He-ions with data for protons [21, 22|,
He-ions [23], Li-ion [24]. (b) C-ions with data points for C-ions 23], O-ions [19], B-ions [25], N-ions
[25]. Error bars, represent one s.d. Published in [20].

In general, the BIANCA model predictions for RBFgy for V79 cells well reproduced the LET-dependence
curve, and the results were in good agreement with the data for protons and He-ions, as well as C-ions. The
presented results suggest that the BIANCA model can also be applied to ions with Z=5, Z=8, and Z=7,
which is expected to have an in-between behaviour of Z=6 and Z=8.

Benchmarking studies were also performed for 50% survival (RBEj5g%). Figure 4.4 (a) presents the results
for light ion irradiation and figure 4.4 (b) for heavy ion irradiation of the V79 cells. The same experimental
data, as mentioned above, were used for comparison with BIANCA predictions.

It can be observed that the effectiveness of the proton beam at approximately 30 keV /um is underestimated
by the BIANCA model. The reason of the mentioned above underestimation, can be explained by the
overestimation of the surviving cells at low doses. This expected behaviour of the BIANCA model, discussed
further in Carante el al. [156], is most likely related to the selection of the step function, which describes
the probability of chromosome fragment rejoining. Aside from this exception, light-ion predictions were in
good agreement with the data, which proved that BIANCA is able to reproduce the RBFEsq for V79 cells
irradiated by protons, He-ions, and ions with Z=38with high probability. This limitation was not found for
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Figure 4.4: RBEs5yy for V79 exposed to: (a) protons and He-ions with data for protons [22, 21],
He-ions [23], Li-ion [24]. (b) C-ions with data points for C-ions 23], O-ions [19], B-ions [25], N-ions
[25]. The error bars, represent one s.d. Published in [20].

RBF;yy%, where higher doses were applied, and it can be stated that these LET values for low doses are
not likely to have a significant role in proton therapy, including in the distal region of the SOBP. In terms
of the C-ion beams for RBFE5q9 predictions, good agreement was achieved with the BIANCA model. The
presented results suggest that C-ion estimations can also be used for prediction with ions Z=5, Z=8, and

Z="7.

4.3.2 RBE calculation for chosen cell lines

BIANCA model assumptions consider the CL yield parameter as dependent not only on radiation quality
(i.e., particle type and energy) but also on the target tissue characteristics. The BIANCA model operates
independently on databases created for separate cell lines. This section presents a formula used to predict
the survival of the chosen cell line after ion irradiation. The formula uses parameters of the ion survival
of a known cell line and photon responses for known /referenced and newly selected cell lines. The formula
is based on the work presented by Carante et al [156], where this approach was proven to reproduce the
survival of AG01522 and U87 cells irradiated by proton beams with different LET.

The CL yield for a selected cell line irradiated with beams of a specified quality is calculated as follows:

oL_(cLy [(_cL y,( cL
um — \ um ref Gy - cell Gy - cell ref

where C'L/pm is the CL yield for a selected cell line, (C'L/pm) ey is the CL yield of the known cell line, both
of which are exposed to identical radiation quality. (CL -Gy~ " - cell™") and (CL -Gy~ - cell™), s are the

photon irradiation related CL yields used for the cell line of interest and the reference cell line, respectively.

.‘/'ref
v’

(4.3)

The cell parameters are described by V;..; and V, which define the nucleus volume of the known and selected
cell lines, respectively.
Chinese Hamster Ovary (CHO) cells were selected as the first cell line of interest. The experimental data

used to adjust the BIANCA model were based on the photon CHO survival curve presented by Elsésser et al
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[26]. BIANCA parameters were fitted to the LQM with o = 0.105 Gy~ and 8 = 0.025 Gy~ 2. The CL yield
value for photon CHO survival was fixed at 1.2 CL - Gy~' - cell™! and an unrejoining parameter f at 0.08.
The reference cell line, V79, was considered to have the same cell nucleus volume as the CHO cells. The
obtained parameters were further applied to Equation 4.3 to derive the CL yields of CHO cells exposed to
different ion types and energies. Subsequently, CHO survival curves were created using obtained CL yields,
for various monochromatic beams (12 proton beams with LET = 2.5-30.0 keV/um, 18 He-ion beams with
LET = 5-90 keV/um, and 29 C-ion beams with LET = 10-500 keV/um). Every survival curve was then
fitted to the LQM, obtaining linear o and quadratic 8 coefficients for different ion types and LET values.
The simplified approach used the He-ion coefficient for ions withZ=3, whereas for Z=/, Z=5, Z="7, and Z=8

coefficients derived for C-ions were applied.

4.4 BIANCA and the FLUKA Monte Carlo code

The created BIANCA database tables were applied to the FLUKA Monte Carlo code. Two FLUKA code
versions were used for the benchmarking studies presented in Section 4.5: the development version 2018.1
(for two-field irradiation of CHO cells) and the release version 2020.0 [310] (for rat spinal cord simulations).
FLUKA simulations used the predefined settings option, PRECISIOn. C-ion simulations required launching
coalescence and evaporation functions, as well as linking the external event generator - Relativistic Quantum
Molecular Dynamic (RQMD-2.4, Section 2.2.4) for accurate modelling of nucleus-nucleus collisions above
125 MeV/n. FLUKA calculated the required data, that is: particle species and energy, and deposited the
dose within target voxels. During simulations, when a particle deposits a certain amount of energy in a
voxel, FLUKA reads the referenced o and (3 coefficients from the BIANCA database based on the particle
type and its LET value. Subsequently, considering the effects of mixed radiation fields and with respect to
the Theory of Dual Radiation Action [276], the mean value of a and the mean value of § in the target voxel
are calculated as described by Mairani et al [73], that is:

mie M (4.4)

ap = n
i=1 Di

VBB = Lfiﬁi , (45)

where D; is the absorbed dose within the voxel deposited by the i-th particle, a; and 3; are the corresponding
radiobiological coefficients from the BIANCA database, and o5 and S5 are their mean values. The

survival level, RBE-weighted dose, and RBE values were calculated using the following equations:

—InS =apf™ . D+ R . D, (4.6)

DRBE‘: (w/a§—46x-ln5> /2ﬂx—ax/(25x), (47)
_ DrpE

RBE = =, (4.8)

where ax and Sx are photon parameters reported by BIANCA.
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4.5 BIANCA benchmarking

4.5.1 Two opposed field irradiation

For this study, an experiment, as described by Elsésser et al [26], was modelled and simulated using the
BIANCA model integrated with the FPTT. Elsésser et al [26] reported irradiation experiments performed
at HIT with CHO cells, which used two opposed beam fields, as typically found in a clinical scenario. Before
the experiment, the target CHO cells were grown on plastic plates. Immediately before irradiation, they
were inserted into an acrylic glass container (5 x 10 X 16cm3) with a 5 mm distance between the plates.
Two particle types were used for the opposed-field irradiation: protons (with energies of 90-120 MeV), and
C-ions (with energies of 175-230 MeV /n). Treatment plan, performed with TRiP98 TPS [311] and LEM I
model, used prescription for 5.3 Gy (with protons) or 3.9 Gy (with C-ions) delivered to the target region,
while preserving 1.5 Gy in the entrance channel for both particle irradiations. The main goal was to obtain
a homogeneous cell survival level in the 4 cm wide target, located between 6 and 10 cm water-equivalent
depth. More information regarding the experiment can be found in Elsésser et al [26], which also presents
the outcome of LEM IV cell survival predictions.

The simulations performed in FLUKA modelled the experimental setup. The beam data model, derived
from HIT, was used to describe the irradiation beam parameters: a C-ion beam in the energy range of
175-230 MeV /n, and a proton beam in the energy range of 90-120 MeV. Homogeneous target dose coverage
was obtained by optimizing the opposed input beam weights using an in-house written routine, resulting in

a 4 cm wide SOBP deposited in a water target.

tHO BIANCA AN ICHO BIVANCA A
1F CHO LEM = = 7 1r CHO LEM = = 7
CHO Exp. data +—e— CHO Exp. data +—e—

Fraction of surviving cells

Depth (cm) Depth (cm)

Figure 4.5: Surviving fraction for CHO cells in a two-field irradiation with C-ions (a) and protons
(b). Solid lines: BIANCA predictions interfaced with FLUKA; points: experimental data [26];
dashed lines: LEM predictions interfaced with TRiP98 [26]. Published in [20].

Figure 4.5 reports C-ion beam (Figure 4.5 (a)) and proton beam (Figure 4.5 (b)) experimental data (points)
and LEM IV predictions (dashed line) [26], compared with predictions provided by BIANCA interfaced with
FLUKA (solid line). Experimental data, as well as LEM IV predictions obtained using TRiP98, were derived
from Elsésser et al [26] and digitised using an online software called WebPlotDigitizer [312].

It can be observed that, in Figure 4.5 (a), for C-ion case, BIANCA predictions are consistent with the
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experimental data, as well as they are very close to LEM IV predictions. Quantitatively, the difference
between BIANCA predictions and the experimental data is < 17%, with a 2.2 (reduced) chi-square value.
For proton simulations, as reported in 4.5 (b), similar results are observed, although in this case BIANCA
overestimated cell death at the entrance channel, predicting a higher RBE in comparison to LEM IV. In the
target area, BIANCA is in good agreement with the data and LEM IV predictions.

Overall, the results from the BIANCA model interfaced with the FLUKA MC code suggest that BIANCA
can provide accurate predictions of cell survival and radiobiological effectiveness in both C-ion and proton
irradiation clinical scenarios. In addition, the method presented in Section 4.3.2, can be used to extend

BIANCA model to, in theory, any chosen cell line of interest.

4.5.2 Rat Spinal Cord Data

For clinical applications, benchmarking studies of the BIANCA model against experimental data from the
rat spinal cord were performed. The main reason for this study is that the clinical LEM I model was initially
applied to skull based tumors, where the main dose constraint is based on late reactions of the central nervous
system (CNS), which also applies to head-and-neck tumors. In 1974, Van der Kogel et al [302] reported in
detail the late effects (functional damage) in rat CNS after irradiation of the spinal cord. Absolute values
from these experiments might not be directly applicable to patient studies, although relative values such as
RBE and the impact of treatment parameters on RBE might be used [27]. The reported data were applied
to evaluate the RBE values for C-ion [27, 29, 31, 30] and proton [32] beam therapies. The LEM I model,
as well as the more recent LEM IV version, presented in vivo data for benchmarking their predictions for
chordoma patients for both tumor and normal tissues. The present study aims to repeat benchmarking
studies using the BIANCA model. Below, only a summary can be found and a more detailed discussion is
reported in the original version of the article [28].

In this study, the approach described in Section 4.3.2 was used to define a radiobiological database for
chordoma cells. The nucleus of the target cell is defined as a 6-um height cylinder with 6um radius. LEM
I authors assumed ax = 0.105 Gy~' and Bx = 0.05 Gy~ 2, obtaining ax/Bx ratio of 2 Gy; currently,
more recent data for chordoma tumors are available (i.e., in vitro data [313, 314] and in vivo data [315]),
BIANCA used the ax = 0.159 and 8x = 0.065 values proposed by Henderson [315]. Considering the fact,
that chordoma database is used for both tumour and normal tissues, the ax /Bx ratio of 2.45 Gy is a good
estimation for photon irradiation of chordoma tumour in vivo, and comparable to LEM I estimations, which
minimized a possible normal tissue damage, observed in years of clinical experience. Further optimization
of the CL yield value was performed to reproduce the photon survival curve from the experimental data.
The obtained CL yield for photon irradiation was used in Equation 4.3 to obtain the CL yields for many
particle species and different energies. Subsequently, to obtain values for the BIANCA database, fitting of
each survival curve in terms of o and S coefficients in LQM (see Equation 4.2) was performed as a function
of the particle species and LET.

Figure 4.6 compares the RBE values simulated with the BIANCA model and experimental data of the rat
spinal cord cells RBE value for C-ions [27, 316] for different dose values at different positions of the SOBP.
The spinal cord was placed either at the entrance channel of a 270 MeV /n beam (LETp: 13 keV/um) or at
the center of a 1-cm SOBP of a 140 MeV/n beam (LETp: 125 + 25 keV/um). Few fractionation schemes
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were used:1, 2, 6, or 18 fractions, obtaining RBE values, with respect to 15 MV photons, ranging from 1.33
to 1.44 (entrance) or 1.77 to 5.04 (peak). Further experimental details can be found in Karger et al [27] and
Debus et al [316].
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Figure 4.6: Rat spinal cord irradiation for C-ion beam. RBE dose dependency in the SOBP (upper
line and filled data points) or entrance plateau (lower line and open data points). Lines: BIANCA
predictions; points: experimental data [27]. Published in [28].

A very good agreement was obtained between the BIANCA predictions and experimental data in the entrance
plateau region (see Figure 4.6, lower line). The observed discrepancies were small and the BIANCA model
followed the data trend. These results indicate that the BIANCA model can successfully predict late side
effects in the CNS. Estimations of the BIANCA model for the SOBP region for the RBE-dose dependency
(see Figure 4.6, upper line) were underestimated; however, they successfully reproduced the data tendency. It
can be noticed that, the maximum underestimation can be found for lower doses, and discrepancy decreases
with higher values, suggesting, that BIANCA may predict lower RBE for the distal SOBP region, where
the highest LET is observed. However, it is worth mentioning a follow-up work by Saager et al [29], where
Saager et al reported that the experimentally measured doses were lower than the TPS predictions by <
10%. This suggested a shift in the experimental data towards the left side of the RBE-dose dependency
plot, but subsequently RBE values might be increased in this situation. In addition, according to Karger et
al [27], for the same data, the LEM model presents an underestimation of 25% of the biologically effective
dose in the SOBP region and a small overestimation for the plateau region.

More recent publications by Saager et al [29, 30, 31] investigated the RBE for rat spinal cord experimental
data at different LET values (16, 21, 36, 45, 66, and 99 keV/um). Animals were located at six different
positions along a 6-cm SOBP, and were irradiated with one fraction (reported in [29, 30]) or two fractions
(presented in [31]). Similar to previous studies, the obtained RBE values were relative to the 15 MV photon
beam. Figure 4.7 shows the predictions of the BIANCA model benchmarked with the experimental data.
For the single fraction and two fraction cases, the RBE increase was lower than that of the experimental
data. As a result, the RBE is slightly overestimated for lower LET values and underestimated for higher

LET values, especially for lower doses (two fractions). Evaluation of the presented results with comparison
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Figure 4.7: Rat spinal cord irradiation for C-ion beam. RBE-LETp dependency for single-fraction
(a) and two-fraction (b) irradiation at different positions within the C-ion SOBP. Lines: BIANCA
prediction; points: experimental data [29, 30] (a), or [31] (b). In panel (a), at 99 keV /um, the higher
experimental value is obtained from a repetition experiment [30] and it is considered to be more
reliable. Published in [28].

to the dose-dependence plots presented in Figure 4.6 can raise the question of consistency for BIANCA
performance in a lower LET region (where BIANCA is in a very good agreement for the lower LET region,
see Figure 4.6). However, the comparison between the two studies is nonetheless complex: two different
beam configurations resulted in different RBE values; afterward, RBE was compared with the data from two
independent experiments, where two different dose ranges were used (i.e., approximately 15-27 Gy for the
LET study, 1-17 Gy for the dose study). This indicates that BIANCA overestimates biological effectiveness
for lower LET and high doses, at the therapeutic dose range, which is in good agreement with experimental
data. Evaluating the higher LET values, it was already noticed that BIANCA underestimated the RBE for
lower doses, whereas for higher dose values, the discrepancy between BIANCA predictions and experimental
data was relatively small. Further investigation of this issue is discussed in patient case studies [33] and it
is presented in Chapter 5.

Saager et al [31] compared the LEM I model with the experimental data. The clinical LEM I model presented
lower RBE values for the entire range of considered LET values. On the other hand, the BIANCA model
overestimated the data for lower LET and underestimated the data at higher LET. In general, a quantitative
comparison showed a smaller relative discrepancy between the predictions and experimental data for the
BIANCA model than for the LEM I model (as reported in [31]). For the lowest LET data point (16 keV /um),
the BIANCA discrepancy was higher, about 13% for a single fraction (1 fx) or 14% for two fractions (2fx),
whereas LEM I was 9% (1 fx) or 5% (2 fx), respectively. For other LET values, BIANCA reproduced the
experimental data better than LEM I. For example, in the mid-SOBP region (45 keV/um), the difference
for BIANCA is as low as 0% for 1 fx or 4% for 2 fx, whereas for LEM I, the difference reaches 19% for 1
fx or 18% for 2 fx; in the distal part with high LET (99 keV/um), the values for BIANCA are 8% for 1
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fx or 15% for 2 fx, whereas for LEM 1, it is 29% for 1 fx or 28% for 2 fx. Saager et al [31] also reported
benchmarking studies of the (non-clinical C-ion) LEM IV model predictions. It can be observed that LEM
IV improved the predictions, especially for 99 keV/um data points (both 1 fx and 2 fx) and 66 keV/um (2
fx), where a smaller difference can be seen in comparison to the BIANCA model. However, for all other
data points, BIANCA exhibited a superior performance.

Further work focused on proton irradiation studies of the rat spinal cord as presented by Saager et al [32].
These experimental data were used to evaluate the performance of the BIANCA for proton beams. Figure
4.8 shows the RBE predictions of the BIANCA model compared to the data. Similarly to previous studies,
the rat spinal cord was irradiated, with one or two fractions, using 6-cm proton SOBP (at 7-13 cmm WEQ
depth), and a spinal cord was placed at different locations (3.5, 10, 12 and 12.7 cm, referenced 1.4, 2.7, 3.9
and 5.5 keV/um LET values). Further experimental details can be found in Saager et al [32].
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Figure 4.8: Rat spinal cord irradiation for proton beam. RBE as a function of depth for single fraction
(panel (a)) or two fractions (panel (b)). Lines: predictions by BIANCA; points: experimental data
[32]. Published in [28].

It can be noticed that BIANCA reproduced the data trend for single- and split dose irradiations: RBE
increased with the LET (thus depth). More specifically, in the case of single fraction irradiation, the
BIANCA prediction is within the experimental error bars. However, the BIANCA simulation outcomes for
the split-dose data were overestimated for lower LET values. On the other hand, it can be noticed, that
results presented by Saager et al [32] for the split dose, reported lower RBE values than that of the single
fraction data. According to the authors, the two-fraction experiment verified the results obtained for the
single fraction data, and the split dose data were not expected to differ significantly from a single fraction. In
addition, it is worth mentioning that the discrepancy between experimental data of up to 5-7% is acceptable
for biological experiments [32].

In summary, the BIANCA model reproduces well the RBE data for the rat spinal cord irradiated by protons

or C-ions and can successfully estimate the late effect in the CNS.
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4.6 Conclusions

Recent upgrades to the BIANCA model, followed by integration with the FLUKA MC code, are presented
in this Chapter. BIANCA simulations were compared against in vitro data for V79 cell survival and against
in vivo data for rat spinal cord irradiation. In both cases, proton and carbon irradiations were evaluated.
The respective radiobiological databases were created for cells of interest, which finalized the creation of «
B parameter tables for different particle types and LET values read by the FLUKA MC code. Successful
benchmarking studies have resulted in the creation of the BIANCA database for chordoma cell survival,
which is a basic cell used in the LEM I model, mainly for RBE prediction in head-and-neck C-ion treatments.
Further evaluation of patient cases is presented in Chapter 5 and suggests that BIANCA can successfully
estimate the RBE of normal tissue in the CNS for both carbon and proton treatment. An evaluation study
of proton cases aimed to challenge the discussion of a fixed RBE value of 1.1, as suggested by ICRU [125],
and its future revisions [126, 317].

Further steps for BIANCA development are focused on creating an RBE table for normal tissue damage
[275, 318] based on dicentric aberrations in blood lymphocytes, as presented by Embriaco et al [319]. Another
step is to apply the BIANCA model to patient cases for C-ion treatment, as presented in Koztowska et al
[33] in Chapter 5.



Chapter 5

First application of the BIANCA
biophysical model to carbon-ion

patient cases

In this Chapter, the first application of the BIANCA biophysical model to a patient based treatment planning
scenario is presented and discussed. Integration of BIANCA model with the FLUKA Particle Therapy tool
allowed the assessment of three carbon ion patient cases, which further allowed the comparison of results
with the clinically used model in carbon ion therapy.

This Chapter presents the article First application of the BIANCA biophysical model to carbon ion patient
cases published in Physics in Medicine and Biology, 67, 115013; 2022 [33] by the following authors:

Wioletta Kozlowska®™, Mario P. Carante®?, Giulia Arico, Alessia Embriaco ** Alfredo Ferrari®®, Giuseppe
:2,3

Magro®, Andrea Mairani”®, Ricardo Ramos®, Paola Sala®, Dietmar Georg!, Francesca Ballarini
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5 Gangneung-Wonju National University, Gangneung 25457, Korea;

" CNAO (Centro Nazionale di Adroterapia Oncologica), Ttaly;

8 HIT (Heidelberg Ion-beam Therapy Center), Germany;

9 INFN (Italian National Institute for Nuclear Physics), Sezione di Milano, Milano, Italy
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Abstract

Objective. The main objective of this work consists of applying, for the first time, the BIANCA (Blophysical
ANalysis of Cell death and chromosome Aberrations) biophysical model to the RBE calculation for C-ion
cancer patients, and comparing the outcomes with those obtained by the LEM I model, which is applied in
clinics. Indeed, the continuous development of heavy-ion cancer therapy requires modelling of biological
effects of ion beams on tumours and normal tissues. The relative biological effectiveness (RBE) of heavy ions
is higher than that of protons, with a significant variation along the beam path. Therefore, it requires a precise
modelling, especially for the pencil-beam scanning technique. Currently, two radiobiological models, LEM I
and MKM, are in use for heavy ions in scanned pencil-beam facilities. Approach. Utilizing an interface with
the FLUKA Particle Therapy Tool, BIANCA was applied to re-calculate the RBE-weighted dose distribution
for carbon-ion treatment of three patients (chordoma, head-and-neck and prostate) previously irradiated at
CNAO, where radiobiological optimization was based on LEM I. The predictions obtained by BIANCA were
based either on chordoma cell survival (RBE;,,,), or on dicentric aberrations in peripheral blood lymphocytes
(RBE,;,), which are indicators of late normal tissue damage, including secondary tumours. The simulation
outcomes were then compared with those provided by LEM 1. Main results. While in the target and in the
entrance channel BIANCA predictions were lower than those obtained by LEM I, the two models provided
very similar results in the considered OAR. The observed differences between RBE,,,, and RBE,,;, (which
were also dependent on fractional dose and LET) suggest that in normal tissues the information on cell
survival should be integrated by information more closely related to the induction of late damage, such as
chromosome aberrations. Significance. This work showed that BIANCA is suitable for treatment plan
optimization in ion-beam therapy, especially considering that it can predict both cell survival and
chromosome aberrations and has previously shown good agreement with carbon-ion experimental data.

1. Introduction

Charged particle therapy is a fast growing branch within radiation oncology. Currently, more than 95 proton
facilities and 12 carbon-ion centres are in operation, and their number is growing, with 32 proton facilities and 6
carbon-ion centres under construction (www.ptcog.ch).

© 2022 Institute of Physics and Engineering in Medicine
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The physical selectivity of charged particle beams and their different radiobiological characteristics provide
better control over dose distribution, with respect to photons. However, especially for heavy ions like carbon,
these advantages come hand-in-hand with the requirement for a precise description of the relative biological
effectiveness (RBE), which, by definition, describes the biological effectiveness of a given ion in relation to
photon beams. While until now it was agreed that a fixed value of 1.1 has to be assigned to proton beams
(Paganetti 2002), heavier ions (such as carbon) are characterized by a higher RBE, with significant differences in
the proximal, plateau, and distal regions of the spread out bragg peak (SOBP). This higher effectiveness is likely
related to a higher yield of DNA damage clusters, which are less probable to be repaired by the cell (Karger and
Peschke 2017, Schuemann et al 2019), thus causing cell death or non-lethal intracellular damage. Although such
damages are likely to consist of two or more DSBs at local or regional scale, it cannot be excluded that also other
DNA lesions (e.g. one DSB associated to a SSB and/or base damage) play a role. The higher probability of killing
tumour cells also relates to a higher probability of complications in normal tissues, including the induction of
secondary tumours. Therefore, a carbon-ion biophysical model coupled to a physical dose prescription is
required to precisely predict the RBE variation along the beam for RBE-weighted dose calculations and
optimizations.

Currently, two different radiobiological models are in use for active scanning carbon-ion beam facilities: the
Local Effect Model I (LEM I) (Scholz et al 1997, Elsdsser et al 2010) in Europe (i.e. at Centro Nazionale di
Adroterapia Oncologica (CNAO), Italy, and the Heidelberg Ion-beam Therapy center (HIT), Germany) and at
the Shanghai Proton and Heavy Ion Center (SPHIC); the Microdosimetric Kinetic Model (MKM) (Inaniwa et al
2010,2015) in Japan (at the National Institute of Radiological Sciences (NIRS)). LEM I assumes that the critical
target in the cell is uniformly distributed over the cell nucleus, which is divided into nano-meter level cellular
sub-volumes. The damage in each sub-volume only depends on the amount of the (locally) deposited energy and
isindependent of the energy-deposition origin, which can be photons or ions. The cell survives only if it does not
receive any lethal damage (Karger and Peschke 2017). With LEM, the cell survival probability is calculated based
on the photon survival curve. Although LEM and MKM share some conceptual similarities, a direct comparison
between these two models is not straightforward, also considering that at NIRS a scaling factor is introduced to
rescale the (carbon-equivalent) biological dose to a clinical dose level. To face this issue, a specific tool was
developed at CNAO to support the comparison between the NIRS clinical dose and the LEM dose specification
(Magro etal 2017, Fossati et al 2018).

Another approach to RBE modelling is provided by the BIANCA (Blophysical ANalysis of Cell death and
chromosome Aberrations) biophysical model recently developed at the University of Pavia, Italy, and the Italian
National Institute for Nuclear Physics (INFN) (Carante et al 2018, 2019). BIANCA predicts chromosome
damage and cell death caused by different monochromatic ion beams, as well as photons. According to the basic
assumptions of BIANCA, radiation-induced cell death originates from a subset of DNA damages called Critical
Lesions (CLs). Within CLs, independent chromosome fragments are produced that, following distance-
dependent mis-rejoining (or un-rejoining), lead to chromosome aberrations. Finally, some aberration types lead
to clonogenic cell death, whereas others can be related to late normal tissue damage, including secondary cancers
(Rabbitts 1994).

Since it was developed, the BIANCA model has been systematically benchmarked against several
experimental data sets, analyzing the dependence of RBE on LET (Linear Energy Transfer), particle type and
dose. Additionally, BIANCA has been interfaced with the FLUKA Monte Carlo (MC) code (Ferrari et al 2005,
Ballarini et al 2006, Bohlen et al 2014, Battistoni et al 2016), and subsequently tested against in vitro cell survival
data, as well as in vivo data on the rat spinal cord damage after C-ion or proton irradiation (Saager et al 2018).
Most recently, BIANCA predictions were evaluated for cell survival after He-3 and He-4 ion irradiation, and the
results have been benchmarked against in vitro data on Chinese Hamster Ovary (CHO) cells and Renal
Adenocarcinoma (Renca) tumour cells (Carante et al 2021). An evaluation of normal tissue damage was
presented in Embriaco et al (2021), which reports the development of a radiobiological database describing the
induction of dicentric chromosomes in peripheral blood lymphocytes. Chromosome aberrations in
lymphocytes are considered as indicators of hematologic toxicity, which in turn is a major limiting factor for
radiotherapy, both for acute morbidity and for secondary cancer risk, since CAs are well correlated to late cancer
incidence (Durante et al 2000). In particular, the authors (Durante et al 2000) found a reduced level of PBL
aberrations in patients treated with C-ions with respect to those treated with x-rays, suggesting a reduced risk of
bone marrow morbidity.

In the present work, for the first time BIANCA was applied to re-calculate the beam radiobiological
effectiveness for three carbon-ion treatment plans of patients treated at CNAO, where the original
radiobiological optimization was performed by LEM I. To evaluate different treatment scenarios for BIANCA,
plans were selected which differed regarding the fractionation dose, LET distribution, and beam energy. The
BIANCA RBE was calculated both for tumour cell survival (called RBEj,,,,,) and for peripheral blood lymphocyte
chromosomal aberrations (called RBE,;,). Both predictions were then compared with the cell survival RBE
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predictions obtained by LEM I. Finally, the suitability of the BIANCA model for treatment plan optimization in
ion beam therapy was evaluated, considering that, in contrast to clinically used models (LEM I and MKM),
BIANCA can predict RBE for both cell survival and chromosome aberrations, and good agreement has already
been reported with carbon ion experiments (Carante et al 2018, 2019, 2020, Embriaco et al 2021).

2. Materials and methods

The basic principles of the BIANCA model, the interface with the FLUKA MC code and the clinical patient cases
are briefly described below.

2.1. The BIANCA model

BIANCA is implemented in the form of a Monte Carlo simulation code and it is based on the following
assumptions: (i) ionizing radiation can induce DNA Critical Lesions (CLs), defined as breaks in the chromatin
fibre producing two (main) independent chromosome fragments, where ‘main’ refers to fragments that are
visible with Giemsa/FISH when chromatin is condensed (that is, with minimum dimensions in the Mega-base-
pair order); (ii) distance-dependent mis-rejoining of these chromosome fragments, or fragment un-rejoining,
gives rise to chromosome aberrations; (iii) certain aberration types (dicentrics, rings, and deletions; see below)
lead to clonogenic cell death. Only a brief discussion of these assumptions will be presented below. More detailed
information can be found in Ballarini and Carante (2016), Carante and Ballarini (2016).

Clusters of double-strand breaks, that is two or more DSBs in proximity, are good candidates as critical
lesions (Ballarini et al 2015, Schuemann et al 2019). However, a consensus on the definition of such proximity
has not been reached yet: while some works suggest that clustering at the nm level plays a major role, others show
that also higher-level clustering, up to the Mega-base-pair level, can be important. Therefore, the molecular
characteristics of the model CLs are not defined, and their yield (mean number of CLs per unit dose and unit
DNA mass) is an adjustable parameter.

The distance-dependence of chromosome fragment end-joining is described either by a step function, if the
primary goal is to model cell death (Ballarini et al 2014, Carante et al 2015, Carante and Ballarini 2016, Carante
etal2018,2019), or by an exponentially-decreasing function, if the goal is to predict specific aberration
categories (Tello Cajiao et al 2017, 2018). When adopting the step function, each chromosome fragment is
assumed to have a certain probability, f, to remain un-rejoined even if possible rejoining partners there exist
within the threshold distance d, which is assumed to be equal to the mean distance between two adjacent
chromosome territories. The value of fis the second, and last, adjustable parameter and represents the repair
capacity of the specific cell type. On the other hand, if it is required to determine one or more specific aberration
categories, the following exponentially decreasing function is used (Tello Cajiao etal 2017, 2018):

P(r) = exp(—r/10), @

where ris the initial distance between the two considered fragments and r depends on the considered cell type.
For lymphocytes, ry has been fixed to 0.8 pm.

The assumed relationship between cell death and chromosome aberrations is derived from experimental
observations indicating a one-to-one relationship between the logarithm of the cell surviving fraction and the
mean number of lethal aberrations per cell (i.e. dicentrics, rings, and deletions) visible in metaphase
(Carrano 1973, Cornforth and Bedford 1987). A typical simulation of chromosome aberrations and cell survival
(Carante and Ballarini 2016, 2017, Carante et al 2018) requires input data such as radiation type (photons, light
ions or heavy ions), CL yield, fvalue, and cell nucleus size and shape (which can be spherical or cylindrical), as
well as the irradiation parameters like LET and absorbed dose. During a simulation, a chromosome territory is
modelled as an (irregular) intra-nuclear region consisting of the union of adjacent cubic voxels within the cell
nucleus. If the cell is irradiated by a given dose of photons, an actual number of CLs is extracted from a Poisson
distribution, and these CLs are uniformly distributed in the cell nucleus. In contrast if the dose is delivered by a
certain ion type of given LET, an actual number of primary ions traversing the cell nucleus is first extracted from
a Poisson distribution and then, for each of these nucleus traversals, an actual number of CLs is also extracted
from a Poisson distribution. If the primary ion is a proton or a He-ion, these CLs are then uniformly distributed
along parallel straight lines representing the primary-particle trajectory. In contrast, if the primary particleis a
heavy ion (such as a carbon-ion or oxygen-ion), each CL has a 50% probability of being induced at a certain
radial distance from the primary-ion path (as a consequence of delta rays (Chatterjee and Schaefer 1976)), and a
50% probability to occur within the track core. Afterwards, the chromosomes and chromosome-arms hit by
each CL are determined, by comparing the coordinates of each CL with the coordinates of the voxels
constituting the various chromosome territories. The process of chromosome fragment end-joining (or lack
thereof) is then simulated, and the scoring of different aberration categories is reproduced. The cell is considered
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as dead if it contains any lethal aberration, otherwise it is counted as a surviving cell. For each considered dose
level, the process is repeated until the required statistical significance is obtained. The repetition for different
dose values provides simulated dose-response curves for chromosome aberrations and cell survival. More details
can be found in (Carante et al 2019).

2.2. Creation of a cell survival radiobiological database with BIANCA

In previous studies (Carante and Ballarini 2016, 2017, Carante et al 2018), the model parameters (CL yields and
f) for cell survival curves obtained at different LET values of different ion types were adjusted to experimental
data available in the literature for V79 cells, considered as a reference cell line. In moving towards the possible
clinical use of BIANCA, the LET-dependence of both parameters was fitted for each ion type, and full
predictions of survival curves at many different LET values were performed. Each of these curves was then fit by
the well known linear-quadratic expression:

S(D) = exp(—aD — BD?). )

This allowed construction of a radiobiological database describing V79 cell survival, consisting of pairs of «
and [ coefficients as a function of ion type and LET, as well as the two photon coefficients.

In order to predict the survival of, in principle, any cell line of interest based on the V79 reference database,
the CL yield used to simulate the survival of the cell of interest (following exposure to a given ion type of given
LET) was derived from the following equation (Carante et al 2018):

(e} (e cL_) ). v 5
pm pm ) Gy - cell Gy - cell ), v’

where (CL/ j1m)ys is the CL yield used for V79 cells exposed to the same radiation quality, whereas
(CL-Gy ' cell "yand (CL - Gy - cell !)yq are the CLyields used to simulate photon exposure for the cell
line of interest and V79 cells, respectively. Finally, V¢ and Vare the nucleus volumes used for V79 cells and for
the cell line of interest, respectively.

Concerning parameter f, its value was derived from this equation:

f: fv79 + fX + f(X,V79)’ 4)

where fy9 is the fvalue used for the V79 reference cell line exposed to the same radiation quality, whereas fy and
fox,v7oy are the fvalues used to simulate the photon survival curve of the cell line of interest and the reference cell
line, respectively. This way, knowing the photon response of an arbitrary cell line of interest, the two equations
above provide the CL yields and the fvalue to predict cell survival curves following irradiation of that cell line
with different ion types over a wide LET range.

This implies that, for a given radiation quality, the different response of different cell types is related to a
different number of induced CLs, as well as a different value of parameter f. While the yield of CLs is related to
the cell sensitivity with respect to the induced DNA damage, the fvalue depends on the capability of the cell of
repairing such damage or leaving it as un-repaired.

The cell survival database applied in this work is based on chordoma cells, the same cell type as considered by
LEM I (Carante et al 2020). In LEM I, at the time of the clinical introduction, an ax/ Gy ratio of 2Gy was applied,
with oy = 0.10 Gy ' and Bx = 0.05 Gy 2. For BIANCA, a more recent patient data reported in Henderson et al
(2009) was considered, which indicates a ax/ Oy ratio of 2.45 Gy.

Specifically, to create the cell survival database applied in this work, the photon survival curve for chordoma
was reproduced with BIANCA by adjusting the CL yield. Subsequently, many survival curves for different ion
types and LET values were simulated based on equation (3), and linear-quadratric fitting of such curves provided
pairs of v and 3 coefficients as a function of particle type and LET.

2.3. Creation of a chromosomal aberration radiobiological database with BIANCA
The database for late normal tissue damage was based on chromosomal aberrations in peripheral blood
lymphocytes. As previously reported in Durante et al (2000), an increase of the chromosome aberration yield in
the hematopoietic tissue is an indicator of hematologic toxicity. In particular, the reduced number of aberrant
lymphocytes in patients treated with carbon-ions compared to patients treated with x-rays was interpreted as
suggestion of a reduced risk of bone marrow morbidity. Since many experimental data are available in the
literature on lymphocyte dicentrics (Bauchinger and Schmid 1998, Ohara et al 1998, Di Giorgio et al 2004,
Kowalska et al 2019), this aberration category was considered to create the normal tissue damage database
applied in this work.

Analogous to what was done for cell survival, the CL parameter was adjusted to reproduce experimental
dose-response curves available in the literature for dicentrics in lymphocytes exposed to different ion types at
different LET values, as well as photons as a reference. Subsequently, for each ion type, the LET-dependence of
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the CLyield was fitted, allowing derivation of the CL yields to predict dicentric dose-response atany LET value.
Finally, each (simulated) dicentric curve was fit by the following linear-quadratic expression:

Y(D) = aD + bD?, (5)

where Y(D) is the mean number of dicentrics per cell, D is the absorbed dose and a and b are fitting coefficients,
stored in a table that constitutes a radiobiological database describing the induction of lymphocyte dicentrics as a
function of ion type and LET. More details can be found in Tello Cajiao et al (2017, 2018), Embriaco et al (2021).

2.4. Interface between BIANCA and the FLUKA Particle Therapy Tool

In the current study, the tables produced by BIANCA, containing the linear and quadratic coefficients describing
cell survival and lymphocyte dicentrics, were read by the FLUKA general-purpose MC Code, which includes
state-of-the-art physics models (Ferrari et al 2005, Ballarini et al 2006, Bohlen et al 2014, Battistoni et al 2016).
The FLUKA version 2020.0 (Ferrari et al 2005 FLUKA INFN distribution) was used for the simulations, together
with the FLUKA Particle Therapy Tool (Koztowska et al 2019). The predefined simulation default
HADROTHErapy was chosen to guarantee reliable accuracy and reasonable computing time. For carbon ion
treatment planning simulations, the external event generator—relativistic Quantum Molecular Dynamics
(rQMD-2.4) (Andersen et al 2004) was linked to assure accurate modelling of nucleus-nucleus collisions above
125MeV /u, whereas below 150 MeV /u nuclear reactions were handled by the Boltzman Master equation (BME)
approach, smoothly transitioning from one model to another in the overlapping range of energies. In addition,
coalescence and evaporation of heavy ions were activated by using two PHYSICS cards.

The beam source was generated directly from the clinical treatment plans (DICOM RTPLAN), and the
essential information of each pencil beam spot (i.e. energy, position, rotation) was translated into FLUKA-
proprietary functions. The source beam was targeting (through the previously modelled nozzle (Koztowska et al
2019)) a voxelized patient geometry, derived from computer tomography (CT) scans. The necessary
information (particle type and energy, and absorbed dose) were calculated on a voxel-by-voxel basis, with
determination of the scoring resolution based on the DICOM RTDOSE file. More details on the specific
procedures for treatment planning simulation in the FLUKA Particle Therapy Tool can be found in Koztowska
etal (2019).

Concerning the radiobiological scoring, whenever (according to FLUKA) a certain amount of energy is
deposited in a target voxel by a given particle type of given energy (and thus given LET), FLUKA reads the
corresponding a and 3 coefficients from the tables produced by BIANCA. Subsequently, to take into account
that a mixed radiation field is present in the voxel, the dose-averaged values of avand 3 in that voxel are calculated
according to the Theory of Dual Radiation Action (Zaider and Rossi 1980) as described in Mairani et al (2010), i.e.:

n
. . iD;
ag"‘ = 7Zl:n]a1 ! (6)
Z,‘:lDi
n
- o ;D;
o = el )
i Di

where D; is the dose absorbed from the ith particle (i.e. given particle type of given energy) according to FLUKA,
«;and [3; are the corresponding radiobiological coefficients provided by BIANCA, and of}* and 373 are their
mix

mean values. After calculating o/ and 5™ as described above, the cell survival level and the corresponding
RBE-weighted dose in the voxel were calculated as follows:

—InS = o™ . D + gmx . p2 ®)
Dist,, = N =In(S)/Bx + (ax/@B)* — ax/(25%). ©

In parallel, the RBE-weighted dose for lymphocyte dicentric induction was calculated as follows:
Disg,, = Y /by + (ax/(2bx))* — ax/(2b). (10)

In equation (9), ax and (B represent the photon coefficients provided by BIANCA for tumour cell survival
following irradiation with 6 MV x rays; in equation (10), ,xand by are the photon coefficients for lymphocyte
dicentrics, which refer to Cs-137 gamma rays.

2.5. Simulation of carbon-ion patient treatment plans with the BIANCA RBE models

Three clinical carbon-ion treatment plans (optimized for LEM I) from the CNAO hadron therapy centre were
analyzed in this study: a chordoma case, a head-and-neck (HN) tumour case, and a prostate tumour case, with
FLUKA MC simulations performed for each case, with a simulation settings as presented in Koztowska et al
(2019). For BIANCA radiobiological calculations, the original treatment plans with the same energy
distributions were simulated.
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Figure 1. LETp, volume histograms. Prostate case (PTV and rectum), Chordoma case (PTV and brainstem) and HN case (PTV and
brain stem).

While the chordoma case was irradiated by two opposite fields, one field was used for the HN case, and a
partial plan (one field) was presented for the prostate case. In all three cases, the dose was delivered by an active
scanning technique. The particle energies used in the treatments were 157—-241 MeV /u for chordoma,
136-249 MeV /u for HN, and 304-397 MeV /u for prostate. In parallel to BIANCA, the LEM I model was
applied, adopting the methods presented in Mairani et al (2010) for the LEM I database. The values of the RBE-
weighted dose were multiplied by the number of planned fractions (9, 32, and 9, respectively), and that is how
the results will be presented below.

3.Results

As mentioned above, in this work the RBE calculated by BIANCA was compared with that calculated by LEM I
for three carbon-ion patient cases (chordoma, prostate and HN) irradiated at CNAO, where the treatment plan
radiobiological optimization was performed by LEM I. To interpret the results, it is useful to first analyze the
corresponding LET-volume histogram shown in figure 1, both for the planned target volume (PTV) and for the
organs at risk (OARs), i.e. brainstem for chordoma and HN, and rectum for prostate.

In the PTV, the LET distribution for chordoma and HN is rather similar (although the chordoma case
includes higher LET values compared to HN), whereas the distribution for the prostate case is shifted towards
substantially lower values. For instance, the value of LETpos, was 39 keV zm ™" for chordoma and HN, whereas
it was 29 keV um ! for prostate. The difference is even more pronounced looking at LETpse;, which is about
125keV pum ™ for chordoma, 95 keV pm ™~ for HN, and 80 keV zm ! for prostate. In contrast, concerning the
selected treatment plans, chordoma still shows higher LET values, whereas HN shows lower values, and the
prostate case seems to have an intermediate behaviour. All these differences are due to many factors, including a
different depth of the three tumour types (which implies different energy ranges), different positions of the
OARs with respect to the PTV, and different irradiation schemes (two opposing fields for chordoma, one single
field for prostate and HN).

Simulated distributions of the RBE-weighted dose, calculated by the considered biophysical models are
presented in the axial cross-section plots shown in figures 2(a)—(c), 3(a)—(c) and 4(a)—(c) for chordoma, prostate,
and HN, respectively. In all three figures, panel (d) reports the corresponding RBE-weighted dose volume
histograms, as well as the physical dose histograms, and bottom panels (e)—(f) represent the absolute difference
of the RBE-weighted dose distributions between LEM I and BIANCA RBE,,, (¢) and LEM I and BIANCA RBE,,,
®.

For all considered cases, in the entrance channel, both BIANCA approaches (cell survival or chromosome
aberrations) show a lower RBE-weighted dose with respect to LEM I. This is particularly true for RBE,,,,,,
whereas RBE,;, tends to show an intermediate behaviour between BIANCA,,,,,and LEM 1.
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Figure 2. Chordoma case. RTViewer representation of RBE-weighted doses [GyRBE] using different models: (a) top left: BIANCA
RBE,,,,; (b) top right: BIANCA RBE,;; (c) middle left: LEM I the absolute dose difference [GyRBE] between models: (e) bottom left:
LEM I—BIANCA RBE,,,; (f) bottom right: LEM I—BIANCA RBE,,,,. (d) Middle right: RBE-weighted dose-volume histograms for
LEM I, BIANCA RBE,,,, and BIANCA RBE,;, [GyRBE], with physical-dose (PH) [Gy].

Also for the PTV, LEM I provides higher values with respect to BIANCA. However, for chordoma,
BIANCA,,; is lower than BIANCA,,,, whereas for prostate and HN, the opposite behaviour is observed. In
particular, for the prostate case, the values of BIANCA,,;, are very similar to those of LEM 1.

Finally, concerning the considered OARs, the values provided by BIANCA (especially by BIANCA ,;,,
whereas BIANCA,,, tends to show lower values) are very similar to those obtained by LEM 1.
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Figure 3. Prostate case. RTViewer representation of RBE-weighted doses [GyRBE] using different models: (a) top left: BIANCA
RBE,,,,; (b) top right: BIANCA RBE ;; (c) middle left: LEM I the absolute dose difference [GyRBE] between models: () bottom left:
LEM I—BIANCA RBE,,,,; (f) bottom right: LEM I—BIANCA RBE,,,,. (d) Middle right: RBE-weighted dose-volume histograms for
LEM I, BIANCA RBE,,,, and BIANCA RBE,;, [GyRBE], with physical-dose (PH) [Gy].

4. Discussion

The clinical experience of carbon-ion therapy in Japan and Europe, and the satisfactory results in cancer patients
obtained within in recent years (Fossati et al 2018), reflects the fact that carbon ions are currently the preferred
clinically-used ions with Z > 1 for charged particle therapy. The RBE models used in clinics for carbon-ion
therapy, thatis LEM I and MKM, are based on well-established radiobiological data sets, which show relatively
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Figure 4. HN case. RTViewer representation of RBE-weighted doses [GyRBE] using different models: (a) top left: BIANCA

RBE,,,; (b) top right: BIANCA RBE ; (c) middle left: LEM I the absolute dose difference [GyRBE] between models: (¢) bottom left:
LEM I—BIANCA RBE,,,,,; (f) bottom right: LEM I—BIANCA RBE,y;,. (d) Middle right: RBE-weighted dose-volume histograms for
LEM I, BIANCA RBE,,,, and BIANCA RBE,;, [GyRBE], with physical-dose (PH) [Gy].

good agreement with experimental in-vitro and in-vivo data. In this study, we present another biophysical
model, called BIANCA, which potentially can be used for clinical RBE predictions.

The general assumption of the BIANCA model states that radiation-induced cell death derives from certain
types of chromosomal aberrations, which in turn are generated by DNA CLs. BIANCA has been benchmarked
against several available experimental data sets, including the survival of V79 cells irradiated by protons, helium ions,
carbon ions and oxygen ions at different energies and doses (Carante et al 2019). A recent study presented BIANCA
predictions for rat spinal cord in vivo data following carbon-ion or proton irradiation (Carante et al 2020).
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Except for an underestimation of the carbon ion data at the higher LET values, those results showed that the RBE
predictions provided by BIANCA were in line with the experimental data (Karger et al 2006, Saager et al
2014,2015, 2016, 2018), suggesting that BIANCA can be applied for the evaluation of late side effect in the CNS
when treating HN tumours (Carante et al 2020).

The present work was designed to apply the BIANCA model to clinical patient cases (chordoma, prostate
and HN tumours) irradiated with carbon-ions at CNAQO, and to asses its use in clinical scenarios. The
predictions of BIANCA were compared with those provided by LEM I, which is used at CNAO for treatment
plan optimization. While the LEM I database is specific for tumour cell survival, with BIANCA, the RBE was
calculated both in terms of tumour cell survival, and in terms of lymphocyte dicentric aberrations, which are
indicators of hematologic toxicity.

In the PTV, BIANCA provided lower values with respect to LEM L. The possible reasons for this difference
may be related to the fact that LEM I, when compared with in vitro data, tends to overestimate the RBE at low and
intermediate LET values (Elsaesser and Scholz 2007, Scholz and Elsaesser 2007), and the latter provide an
important contribution to the LET distribution in the PTV region. Although tumour cell survival is the most
important endpoint in the PTV, itis instructive to briefly discuss the observed differences between BIANCA,,,,,
and BIANCA,,;,. While for the chordoma case, BIANCA,,;, was lower than BIANCA,,,,, for the prostate and HN
cases the opposite behaviour was observed. In particular, for the prostate case, the values of BIANCA,,;, were very
similar to those of LEM I. The differences between BIANCA,,,,, and BIANCA ,;, may be explained by taking into
account that, qualitatively, at the same LET (as it happens for the PTV of chordoma and HN), at lower doses (like
for HN, which got a fractional dose of 0.7 Gy), the RBE,, tends to be higher than the RBE,,,,; in contrast, at
higher doses (like for chordoma, where the fractional dose was 1.7 Gy) the RBE,;, is smaller than the RBE,,,,,..
This may explain why the BIANCA,,,,, is higher than BIANCA,,;, in the chordoma PTV, whereas the opposite
occurs in the HN PTV. Furthermore, comparing the chordoma with the prostate case, the different behaviour of
BIANCA,,,, and BIANCA ,;, may depend on the fact that the prostate PTV is characterized by lower LET values
with respect to the chordoma PTV; this would imply that the large quadratic coefficient of dicentric dose-
response plays here a minor role.

Concerning the relevant OARs (brain stem for chordoma and HN; rectum for prostate), the values provided
by BIANCA,;, which is related to the risk of secondary tumours, are very similar to those obtained by LEM I. On
the contrary, BIANCA,,,,,, which can be considered as an indicator of early damage, tends to show lower values.

For all considered cases, in the entrance channel BIANCA ,;, showed a lower RBE-weighted dose with respect
to LEM 1. Even lower values were found with BIANCA,,,,.. The higher values shown by LEM I may be interpreted
by taking into account that, as mentioned above, LEM I tends to overestimate the RBE at the lower LET values
when focusing on doses of a few Gy (Elsaesser and Scholz 2007, Scholz and Elsaesser 2007). The difference
between BIANCA,,,, and BIANCA,,;, may be explained by considering that lymphocyte dicentrics dose-response
curves are characterized by a much lower linear coefficient (and, in some cases, also a higher quadratic
coefficient) with respect to cell survival curves, resulting in a lower alpha/beta ratio. As a consequence, at
relatively low doses, like those involved in the entrance channel, the RBE for dicentric aberrations tends to be
higher than that for cell survival.

Opverall, our results suggest that, if BIANCA,,,,, is used to evaluate the beam effectiveness at killing tumour
cellsand BIANCA,;;, is used to estimate (late) normal tissue damage, BIANCA provides lower RBE-weighted
doses with respect to LEM I, both in the PTV and in the entrance channel; on the contrary, BIANCA and LEM I
provide very similar values in the organs at risk. As a consequence, if one defines a certain RBE-weighted dose to
the OARs, BIANCA would predict lower RBE-weighted doses in the PTV and in the entrance channel. This
would imply alower risk of damage to the healthy tissues before the tumour, but also a lower probability of
tumour control. Conversely, if the starting point consists of obtaining a certain RBE-weighted dose in the PTV,
and thus a certain tumour control probability, then the application of BIANCA would imply an overall
enhancement of the physical dose, which in turn might imply an increased damage to the OARs, and thus a
higher probability of complications to normal tissues. In any case, it must be taken into account that, at the
moment, it is not possible to draw clear-cut conclusions on the clinical implications of using BIANCA for
treatment plan optimization, because in the current study we directly applied BIANCA to the physical-dose
distributions that had been previously obtained after plan optimization by LEM L.

More generally, having another model beyond those already available might provide additional information
regarding the RBE complexity, particularly regarding the RBE dependence on the considered endpoint, thanks
to the BIANCA capability of predicting both cell survival and chromosome aberrations. Furthermore, with
BIANCA, itis possible to produce a cell-survival radiobiological database that is specific for the tumor type of
interest and to provide the radiobiological database for lymphocyte dicentrics, which are indicators of damage to
the hematopoietic tissue, which in turn is a major limiting factor of radiotherapy total dose.

Finally, the results presented in Carante et al (2020) and in Carante et al (2021) indicated that BIANCA can
provide RBE predictions not only for carbon ions but also for protons and for helium-ions, which very recently

10



I0P Publishing

Phys. Med. Biol. 67 (2022) 115013 W S Koztowska et al

started being used at HIT and will be also used in other centers including CNAO. Concerning protons, although
at the moment a constant RBE of 1.1 is applied in clinical practice, a debate is ongoing regarding the possibility to
take into account the proton RBE increase in the distal SOBP, which requires radiobiological modelling. In this
framework, BIANCA offers the advantage of having one single model that works for all three ion species, also
considering that both protons and helium-ions are involved even for carbon ion treatments, since they are
produced by primary-ion nuclear interactions.

5. Conclusions

Our current study presents the first application of the BIANCA biophysical model, interfaced with the FLUKA
Particle Therapy tool, in a clinical treatment planning scenario for three carbon-ion patient cases. In the PTV
and in the entrance channel, BIANCA showed lower values of RBE-weighted dose with respect to LEM I,
whereas in the OARSs the two models provided very similar outcomes. The presented work shows that BIANCA
can be applied for the radiobiological optimization of carbon-ion treatment planning, using a radiobiological
database based on cell-specific tumor cell survival, as well as a database for lymphocyte aberrations, to be
considered as indicators of normal tissue damage.

In the future, we plan to apply the current version of BIANCA to a larger number of patient cases, both for
the RBE recalculation of already optimized plans (as we did in the present work), and for performing treatment
plan optimization by BIANCA. This will allow us to check whether the differences between BIANCA and LEM I
shown in this work (lower RBE values in the entrance channel and the PTV, and similar values in OARs) can be
generalized. A subsequent step may be the RBE recalculation in case of proton treatments, to investigate the
differences between applying a variable RBE instead of the constant 1.1 value currently adopted in clinics, as well
as the application to helium-ion patient cases, considering that He-ion therapy has restarted at HIT (Fuchs et al
2015, Kniusl et al 2016, Tessonnier et al 2018).

Afterwards, tumor-specific radiobiological databases may be developed, to avoid using the same database for
different tumour types.
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Chapter 6

Summary and Outlook

6.1 Summary

To summarize, the presented thesis aimed to support advancements in charged particle therapy by using
Monte Carlo (MC) techniques. This thesis focuses on the development and application of the MC based
tool for particle therapy, which resulted in two published first-author manuscripts (Chapter 3 and Chapter
5) and three co-authored publications (Chapter 2 and Chapter 4).

In the framework of this thesis, upgrades to the FLUKA MC code and the development of the FLUKA
Particle Therapy Tool (FPTT) were presented. Advancements in the general purpose MC codes for particle
therapy applications have been demonstrated, with exemplary clinical and research applications. The initial
studies allowed the simulation of the proton treatment plan using basic extensions to the FLUKA MC code.
Further work focused on a clinically oriented implementation of the new radiotherapy module, incorporated
in the FLUKA MC code and its GUI - Flair, called the FLUKA Particle Therapy Tool. Comprehensive
validation of this MC framework was demonstrated by calculating proton based patient data from two
particle therapy facilities. To extend its usage, research applications for this tool have been proposed, such
as RBE-weighted dose calculations and dose-averaged LET calculations for carbon ion patient case.
Another research application presented in this thesis are RBE-weighted dose calculations for carbon ion
beam therapy. The radiobiological model BIANCA, which is suitable for proton and ion beam therapies,
was extended and thoroughly benchmarked against experimental in vivo and in vitro data. Subsequently,
two radiobiological BIANCA databases were created: one based on the prediction of chordoma cell survival
(RBEsurv) (28], as presented in Chapter 4, and the second, created by Embriaco et al [319], which estimates
the occurrence of dicentric aberrations in the peripheral blood lymphocyte RBE,,. These databases were
further applied to estimate the RBE-weighted doses in carbon ion patient cases, as presented in Chapter5.
The results obtained from the BIANCA RBE-weighted dose predictions were compared with the predictions
obtained with the clinical RBE model LEM 1. This work leads to the conclusion that the research biophysical
model BIANCA, in principle, can support an increase in robustness in the RBE-weighted dose calculations.
The following sections discuss in detail the additional applications, limitations, and future work resulting

from this thesis, mainly focusing on the research gaps in particle therapy, which can be addressed by MC
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techniques.

6.2 Beam Model Commissioning in TPS

This section presents the development and application of the MC code, not reported in this thesis, for
commissioning the conceptual design of the proton linac system - TULIP (TUrning LInac for Protontherapy)
[320]. Work was performed in collaboration with Caterina Cuccagna [321].

During the acceptance of new clinical accelerators, there are two situations, where MC simulations are prefer-
able to direct commissioning measurements. First, when the total amount of data required to commission
a system requires an excessive amount of time, and second, when physical limitations in commissioning
measurements make it difficult to obtain the required data. For example, when a commissioning procedure
based on measured data is not physically feasible because of the early phase of an accelerator design, MC
codes are recommended to substitute measurements.

Linear accelerators are a state-of-the-art technology for conventional radiotherapy with photons, although
clinical linac solutions are not yet available in the market for charged particle therapy, and the first machine
is in the final phase. The linear accelerator TULIP [180, 181] is one of the first clinical proposals conceptually
designed by TERA and CERN. The TULIP accelerator is based on a high-gradient linac accelerating system
mounted on a rotating gantry [322]. Its design is based on two main sections: the first fixed part, which
accelerates the proton beam up to 70 MeV, and the second part, which is mounted on a rotating gantry
frame and provides a final beam directly to the isocenter, with a maximum energy of 230 MeV. The general
advantage of the TULIP system is that it is fast and has an active energy change between 70 and 230 MeV,
which is particularly useful for 3D dose repainting and is suitable for the treatment of moving targets. A
more detailed discussion of this design can be found in Cuccagna et al [320].

The aim of this study was to examine the feasibility of the TULIP machine for proton treatment planning.
For that scope, it was necessary to virtually commission the machine in the commercial TPS. The Phillips
TPS Pinnacle® was selected for this study. During the design, the TULIP machine parameters for the
spot scanning delivery system were fixed, and these data were used as accelerator commissioning data. The
Nominal Source-Axis Distance (SAD) was fixed at 196.30 cm (average SAD for the X plane at 216.3 cm
and SAD for the Y plane at 176.3 cm), available gantry angles were set from -20 to 200 degrees, and the
maximum deflection from the z axis to the isocenter was set up to 17.5 cm, for the X axis and 19 cm for
the Y axis. With a fixed set of required measurement data, the TULIP beam model was commissioned for a
designed energy range (70-230 MeV), and a pencil beam model was created using the TPS. The exemplary
result for 145 MeV beamlet is presented in Figure 6.1 and 6.2.

Very good agreement was obtained for the entire energy range; no significant differences were observed
between the pencil beam model created in Pinnacle® and the simulation provided by the FLUKA MC code.
For the IDDs, a maximum error value of 6 % was obtained for the 110 MeV beam, in close proximity to the
Bragg peak. For spot profiles, it was noticed that the beam had a moderately elliptical shape, and lateral
profiles for the X-and Y axis required separate models. However, the maximum error for the beam at the
isocenter was always less than 2% for both planes. Finally, for the dose per Monitor Unit (MU) density
simulations, which were measured at distances of 1.5 or 2 cm from the entrance, the MU in Pinnacle® for

each energy was calibrated with a maximum error of 1%.
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Figure 6.1: Integrated Depth Dose profile for 145 MeV beam, measured/simulated in the FLUKA
MC code (red) and modelled by the Pinnacle® TPS (yellow).
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Figure 6.2: Spot lateral profile for 145 MeV beam, measured/simulated in the FLUKA MC code
(red) and modelled by the Pinnacle® TPS (yellow).

After commissioning the pencil beam model in the TPS, the model is typically verified by physical mea-
surements or, as in the presented case, by MC simulations. Verification requires the creation of a variety
of plans with TPS (mainly SOBP in a water phantom) and mock-patient fields. Subsequently, verification
of the dose model is typically performed by comparing the outcome of irradiation (as in our case, the MC
model) and TPS simulation. As such, a simple SOBP treatment plan, using a water phantom, was created
with Pinnacle®, which was then exported to the DICOM format and imported into the FLUKA Particle
Therapy Tool. The plan was then simulated using a TULIP nozzle and its beam model. The MC results
were then exported to the Pinnacle® TPS for validation. The exemplary results are shown in Figure 6.3.

In general, a good agreement was obtained - the computed range and the width of the SOBP are aligned
with the data measured/simulated by MC code; a distance-to-agreement never exceeds 1 mm for all mea-
surement points, which is within clinical requirements. The discrepancy between the validation measure-
ments and computed values in the deposited dose is noticeable. However, the shape of the field was fol-
lowed correctly, and the error did not exceed a reasonable value of 5% (computed as (ComputedV alue —

MeasuredValue)/(MaxDoseValue)). Because the IDDs, Spot Profiles, and MU density calibrations were
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Figure 6.3: Beam model commissioning verification using exemplary plan, Pinnacle® computed
dept-dose distribution (yellow) and FLUKA simulations as measurements (red)

in a good agreement with TPS, the presented error underwent an additional evaluation to assess the Pen-
cil beam algorithm performance for similar situations. The work plan aims to validate the model using a
mock-patient model with treatment plans created by the TPS and to compare the TPS prediction with the
full-MC simulation.

In principle, the tool and process presented above can be simply applied to model other conceptual accelerator
designs using different TPS and other beam model phase spaces. As clinical proton linacs are currently
being designed, some designs even reach the assembly point ([174]). MC based commissioning using the
tool presented in this thesis may be beneficial for evaluating the proposed design for clinical and business
requirements. At the same time, it may further improve beam modelling in the TPS, overcoming the
measurement device limitations during the commissioning process.

MC simulations can be used for additional scaling of the commissioning measurements, owing to their
increased accuracy. For example, IDDs measurements are typically performed using large-diameter, parallel
plate, and ionization chamber (IC) detectors, with an active cross-section of up to 12 ¢cm. Depending on
the beam lateral dimension, energy, and depth of measurements, the area of the ionization chamber may or
may not be sufficiently large to acquire the entire beamlet dose. Thus, MC is commonly used to assess this
situation and correct the data, if needed [323]. A similar situation can be found while evaluating lateral Spot
Profiles measurements when large-angle scattering and secondary products arise from nuclear interactions

in water, resulting in a low dose halo, which is hardly assessed with films or scintillation detectors.
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6.3 Treatment Planning and Quality Assurance

General purpose MC codes, if properly validated, are accepted as a more accurate method for calculating
dose distribution. However, when considering the treatment planning process itself, the problem lies in its
speed, which is a crucial parameter in the optimization process. As such, MC simulations based on general
purpose codes are seldom implemented in clinical practice and are often found in the research environment
[301]. Nonetheless, patient specific quality assurance using DICOM based data, provided by TPS, seems
to be an applicable solution, which was one of the aims of the FLUKA Particle Therapy Tool (FPTT), as
presented in Chapter 3.

On the other hand, recently, commercial vendors have started to incorporate MC engines into their products,
trying to overcome the speed problem. RaySearch Laboratories and Varian Medical Systems provide MC dose
calculation engines in their TPS for proton spot scanning based on GPU solutions. The governing principle of
the design was to achieve a fast executing code while preserving adequate accuracy for the treatment planning
application. Therefore, the question arises whether general purpose MC codes should still be considered,
while commercial systems provide clinically acceptable performance with fast MC codes. The answer lies in
precision - the computation speed is gained from several contributing and limiting implementation factors,
which are described below.

For fast MC codes, dose calculations and particle transport are performed within a rectilinear voxel grid
instead of the mean free path for each particle (general MC codes), which is a time consuming procedure.
In addition, the tracked particle species, energy range, and materials are limited to modelling, and some
physical models are simplified, allowing a speed gain. This is completely different in general MC codes,
where each particle can contribute to dose deposition, unless restricted by the user or internal models. For
example, it allows the assessment of the neutron dose in patients. Finally, general purpose MC codes are
currently the only solutions that can be used for novel ion species.

As mentioned above, although general purpose MC codes might not be suitable for treatment planning,
they can support patient-specific quality assurance. The full scope of the available physics models and the
possibility of tracking each particle down to the selected energy threshold make them, if properly validated, a
suitable tool for an accurate quality check of the treatment plan, saving time in a clinical room. One solution
(clinically specific), with home-made software, was implemented at the Massachusetts General Hospital
(MGH), Boston [216]. In this thesis Chapter 3 presents, not a facility specific, but an open solution, which
can be used, in principle, at any clinical environment with a spot scanning system. The presented FLUKA
Particle Therapy Tool is based on the user friendly GUI, allowing re-calculation of treatment plans delivered
by the TPS to provide a validation of dose planning calculations. It also allows for checking whether the TPS
accurately models the fluence of the beam delivery system, thereby increasing the accuracy of the planning
itself. In addition, general purpose MC codes can also be used for log-file recalculation in patient geometry,
as presented in Section 1.4.7. This kind of work was already presented by a group in PSI [224], and it is
planned to be implemented in FPTT.
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6.4 RBE models

RBE modelling is a complex and vividly discussed problem in the particle therapy community. The biological
dose is an ambiguous quality, varying on many factors such as dose, particle type, energy spectra, LET, and
tissue type, yielding conflicting results in vitro and in vivo [324], with uncertainty of the order of 20-30%
[325]. In proton therapy, a fixed value of the RBE 1.1 is used, disregarding its variation at the distal part
of the Bragg peak. Two RBE models are used clinically for carbon ions, and one is planned to be used
clinically for helium ions [154]. Since their beginning, several versions and upgrades have been presented;
however, most of RBE models remain research tools and are not referenced for clinical use.

The RBE varies along the Bragg peak with changes in the LET, and varies between ions. Increased RBE
is generally attributed to high LET; however, the underlying mechanisms require further investigation.
Numerous studies provided clinical evidence in vitro [326] and in vivo [327] for RBE dependence on LET
in proton therapy. Few studies have investigated the dependence of the RBE-LET on other particle types
[123, 328|. The recent spotlight is placed on providing variable RBE models in proton therapy, considering
LET as an additional biological effectiveness indicator (LET-painting method). Nevertheless, if novel ion
species are considered, where in vitro and in vivo experimental results have not yet been fully exploited for
RBE estimation, LET estimation might also provide an indication for model improvements. As a result,
it may increase the TCP outcome, as it is known that for hypoxic tumor cells irradiated with high LET-
particles, TCP increases; however, it may limit NTCP, making it possible to localize hot LET spots in
normal tissues, causing late-effect complications. For this purpose, a tool that can track LET within mixed
radiation fields is required. The application presented in Chapter 3, which is based on the general purpose
MC code FLUKA, can recalculate the distribution of fluence and dose-averaged LET in a patient geometry.
Another important point in the RBE discussion is the probable origin of secondary tumours, where radiation-
induced chromosomal aberrations play a significant role. The biophysical model BIANCA, mentioned in
Chapters 4 and 5, can estimate chromosomal aberrations caused by radiation. In principle, it can predict
cell death based on lethal aberrations, as well as distinct non-lethal aberrations, causing malicious late effects
such as dicentrics in peripheral blood lymphocytes. To evaluate new models such as BIANCA as well as to
update clinically used models, it is advisable to compare their RBE predictions against the already used and
validated clinical RBE models. However, it is not possible to evaluate the performance of the new models
and compare the predicted RBE-weighted doses between different models in TPS. The main reason is that
the radiobiological effectiveness also depends on the radiation quality, which is not easily accessible in the
TPS database, limiting the interaction output data to a minimum. Therefore, the results must rely on MC
simulations, as presented in Chapter 5.

Finally, it is possible to apply the selected clinical end-points to different ROIs. For example Fossati et al
[121] mentioned end-points such as: an acute toxicity, late toxicity, and local control (lack of local recurrence),
and tumour response (shrinkage or change of functional properties). All these end-points have different o/
ratios, which depend on the irradiation parameters. Various biological models work better with selected
biological end-points than others do. As such, the possibility of including different models in different ROIs
should be reviewed, upgraded to the currently used clinical models (and new ones), and various cell databases

should be considered.
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6.5 Novel ion species

Protons are the most common and cost-effective charged particles used in radiotherapy. However, they
exhibit drawbacks in their physical and biological properties, such as augmented MCS and range straggling
(causing a wider lateral penumbra and Bragg peak), along with a relatively low RBE, which is only 10%
higher than that of photons. Consequently, carbon ions provide a significantly higher RBE with a reduced
MCS and range straggling but produce a fragmentation tail in the lateral part of the Bragg peak. In
addition, carbon ions require more complex and larger accelerators, which are associated with a higher cost
of facility development. Instead, helium ions are considered to be an effective intermediate solution between
two clinically used particle species, compensating for the wider Bragg peak and lateral spread of protons,
minimizing the fragmentation tail of carbon ions, and providing a potential for tumour control similar to
that of carbon ions [329]. This new area of charged particle therapy requires precise research tools for proper
evaluation of particle interactions and biological effectiveness. As proven in this thesis, general purpose MC
codes can successfully support both requirements.

Starting with the new requirements for helium-ion accelerators, there is a requirement to provide a machine
with a smaller cost and footprint. The methods presented by Cuccagna et al [320] and Section 6.2 can
be incorporated to evaluate the clinical requirements for new accelerator proposals. Moreover, while new
commercial TPS for helium ions are being approved for clinical use, there is still a limited possibility to
evaluate the advantages of new ions without comparison with other ion species. As such, the FPTT may
provide an answer for dosimetric comparison between proton, helium, and carbon ions for various treatment
scenarios. Detailed modelling of the helium ion beam in TPSs must be provided and validated. Therefore,
a number of studies investigating the physical properties of helium ions have to be performed based on
radiation transport simulations, mainly through MC methods. Finally, new biological models for helium
ion beams must be incorporated in TPS predictions. The applications presented in Chapters 4 and 5 are
advantageous for evaluating performance, and further enhanced toward helium ions by Carante et al [330].
It is worth mentioning that the choice of an optimal ion species for treatment is determined by patient
parameters (age, general health condition) and tumour characteristics (type and localization), which must
be evaluated clinically in detail. In some cases of complex tumors located close to healthy tissues, a more
adaptive approach is required. For example, Multi-Ion radiotherapy is being considered, which enables profit
from each ion simultaneously, according to their beneficial physical and/or biological characteristics. The
development of a dose-LET-optimized treatment plan containing various ion species allows the optimization
of LET delivery to provide a high TCP and low NTCP. As a result, Multi-ITon radiotherapy may allow
the delivery of lower-LET beams (proton or helium ions), with sharp margins at tumour regions located
close to normal tissue, and higher LET irradiation (carbon, oxygen ions) into radioresistant and hypoxic
tumour regions [331]. However, as mentioned above, LET and RBE dependence is complex; therefore, direct
translation of LET into biological effectiveness requires further development of RBE models.

Finally, radioactive ion beams such as carbon-11 or oxygen-15 may be of interest if the scope is to provide
ion treatment, where the range of the delivered particles can be verified online or offline using PET scanners.
Therefore, as Augusto presented [332], for this kind of study, the general purpose MC code plays a significant

role in support benchmark prediction of experimental values.
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6.6 Conclusion and Outlook

The use of Monte Carlo codes may support research in particle therapy in many ways, starting with the de-
velopment and validation of the new accelerator design by providing input databases for TPS and supporting
QA procedures, improving the description of radiobiological models, and supporting treatment innovation
with novel-ion species in clinical practice. However, it seems clear that general purpose MC codes are cur-
rently not, and will hardly be used in clinical practice in the upcoming years. Unless proper GPU-based
implementations are fully exploited, the problem of low speed can be solved. Currently, some intermediate
solutions have to be utilized, as such TPSs may use simplified and faster MC codes, reaching a reasonable
dose calculation accuracy within a reasonable time frame for clinical workflows.

On the other hand, general purpose MC codes will be, and are currently used for research purposes, with
the main focus being on the modelling of radiation transport interactions. Obviously, MC codes without
a thoroughly validated physics model cannot be of any support for this research; therefore, additional
experimental studies on particle interaction cross-sections within the therapeutic energy range are required.
This must be followed by MC benchmarking studies and code upgrades. In addition, further radiobiological
studies are of the same importance, and comparisons between various models, creating new ones, and
upgrading currently used ones should be continued.

The outcome presented in this thesis, which focuses on bridging the gaps in particle therapy with MC
codes, can be used for clinical and research applications, supporting dose distribution calculation for PSQA
purposes, and evaluation of the biological-weighted dose for ion beam therapy, as well as novel radiobiological
models. In view of these results, future work is planned, which will include improvement of the user
experience for FPTT and enhancement with new features, such as treatment plan recalculations based on the
log-files, gamma evaluations for dose comparison, and embedded easy-to-use RBE-based dose calculations.
In addition, the BIANCA model will be evaluated and benchmarked with more patient cases, and treatment
plan optimization will be performed using BIANCA RBE databases.

To summarize, to fulfill the growing interest in particle therapy, MC codes supported by the abovementioned
advantages must be utilized and promoted within the research community. First, for the scope of creating
accurate and precise physics models, access to research beam time in clinical accelerators should be increased,
which will support the creation and validation of physical and radiobiological models. In addition, cost-
effective accelerator designs can support the building of more particle therapy centers, as well as in lower-
income regions, where the initial investment costs play a crucial role. The exchange of knowledge among
various research centers will provide all the information necessary to select the optimal treatment. This
will bring radiation therapy another step closer towards personalized medicine and may help to improve

treatment outcomes and reduce treatment side effects.
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