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Abstract

Monte Carlo simulations are powerful tools for evaluating the effects of patient irradiation
that cannot be assessed using a standard treatment planning system (TPS) typically
used at particle therapy centers like MedAustron. Furthermore, the flexibility of general
purpose Monte Carlo codes such as FLUKA makes them suitable for research purposes in
a clinical setting and for complex treatment plans.

To assess clinical treatment plans using FLUKA, the commissioning of specific input
parameters was necessary. This involved the recalculation of three facility-specific mass
density to Hounsfield units (HU) calibration curves and the adaptation of the beam
model. The treatment plans were created using the Raystation TPS, which is used by
MedAustron in their clinical practice. The computed tomography (CT) scans of different
phantoms were used, one with materials of known density and another made of tissue
equivalent materials, to develop these plans. The plans were designed for a monoenergetic
beam with nominal energies of 97.4 MeV and 62.4 MeV respectively. The dose distribution
was recalculated using the Monte Carlo FLUKA code, and the ranges at 80% of the
maximum dose for each material category in the phantom were compared.

The differences in the range of the TPS and FLUKA recalculations for all three
calibration curves are found within resolution limit of TPS. However, there are larger
range differences for certain material categories. Therefore, a more detailed calibration of
these regions may be of interest in the future. The impact of the beam model on the dose
distribution was superficially evaluated, showing to have an effect mostly in the plateau
region of the beam. It is also estimated that the absence of the beam model in the input
configuration of FLUKA may lead to differences in dose distribution for plans where the
beam interacts with multiple materials. In conclusion, the evaluation of specific treatment
plans using FLUKA in a clinical setting is feasible, specially when considering all input
parameters.
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Kurzfassung

Monte Carlo Simulationen erlauben die Bewertung von Effekten, die bei der Plannung von
Patientenbestrahlungen mit konventionellen Planungssystemen (eng. treatment planing
system, TPS) nicht beurteilt werden kénnen. Auferdem sind generische Monte Carlo
Codes wie FLUKA aufgrund ihrer Flexibilitdt fiir Forschungszwecke im klinischen Umfeld
und fiir komplexe Behandlungspline geeignet.

Um klinische Therapiepliane mit FLUKA auswerten zu kénnen, war die Anpassung spezi-
fischer Eingabeparameter erforderlich. Insbesondere mussten die einrichtungsspezifischen
Kalibrierkurven, die die Umrechnung der Gewebemassendichten in Hounsfield-Einheiten
definieren, angepasst werden. Auch das Strahlmodell musste fiir diesen Zweck adaptiert
werden. Zur Uberpriifung des Einflusses der oben genannten Parameter auf die simulierte
Dosisverteilung wurden Therapiepldne mit dem von MedAustron in der klinischen Praxis
eingesetzten Planungssystem "RayStation" erstellt. Zur Erstellung dieser Pldne wurden
zwei verschiedene Phantome verwendet. Eines mit Materialien bekannter Dichte und
eines mit gewebedquivalenten Materialien. Die Pldne wurden fiir einen monoenergetischen
Strahl mit nominalen Energien von 97.4 MeV bzw. 62.4 MeV optimiert. Die berechneten
Dosisverteilungen wurden exportiert, mit dem Monte Carlo Code FLUKA neuberechnet
und die Reichweiten der beiden Dosiskurven bei 80% der maximalen Dosis fiir jede
Materialkategorie im Phantom verglichen.

Die Abweichungen der Reichweiten der Dosisverteilungen von TPS und FLUKA liegen
fiir alle drei Kalibrierkurven innerhalb der Auflsungsgrenze des TPS. Fiir bestimmte Ma-
terialkategorien sind die Abweichungen allerdings grofter. Eine detailliertere Kalibrierung
dieser Bereiche kénnte daher in der Zukunft sinnvoll sein. Der Einfluss des Strahlmodells
auf die Dosisverteilung wurde zunéchst grob bewertet und zeigte eine Auswirkung vor
allem im Plateaubereich der Bragg-Kurve. Auferdem wird ein Zusammenhang zwischen
dem Fehlen des Strahlmodells in der FLUKA-Konfiguration und den Abweichungen in
der Dosisverteilung vermutet. Insbesondere fiir Therapieplédne, bei denen der Strahl mit
mehreren Materialien wechselwirkt.

Schlussendlich konnte fiir den Fall des Teilchentherapiezentrums MedAustron gezeigt
werden, dass Therapiepldne mit FLUKA evaluierbar sind, wenn sédmtliche Eingabepara-
meter fiir die Simulationen miteinbezogen werden.
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1. Introduction

1.1. Motivation

The project idea originated from the necessity to evaluate certain effects of patient
irradiations that could not be assessed with a standard treatment planning system (I'PS))
commonly utilized at particle therapy centers such as MedAustron. For instance, the
activation of irradiated metallic implants and the contribution of secondary neutrons
deposited outside the target volume [1], are some effects that are not currently accounted
for in[TPS] This is because commercial treatment planning systems rely on approximations
to reduce computation time, which is crucial for routine clinical use. The dose deposited
by neutrons or from the activation in standard treatment procedures is small and therefore
clinically insignificant. However, it is still important to consider these effects in special
cases or whenever possible in order to optimize the treatment according to the ALARA
(As Low As Reasonably Achievable) rule and for radiation protection.

Monte Carlo simulations consider the physics of particle interactions at the microscopic
level. This is achieved by calculating the interaction of each particle using either theoretical
models or experimental cross-section data for electromagnetic and nuclear interactions
|2, 13, 4]. Furthermore, they consider tissue inhomogeneities by using specific material
properties, such as elemental composition, electron density, mass density, or ionization
potential, and model the appropriate position of inhomogeneities along the beam path as
well as their scattering effects [2|. Since Monte Carlo dose calculations are considered
to be the most accurate method for dose calculation in radiotherapy, several fast Monte
Carlo-based dose calculation algorithms have been developed and implemented in many
commercial [5 [2]. However, these types of Monte Carlo-based are inflexible
and have numerous limitations that make them unsuitable for research purposes or for
certain patient assessment cases [6].

The latest version of the general-purpose Monte Carlo code, FLUKA, along with the
FLAIR interface, offers useful tools for importing and using (Digital Imaging and
Communications in Medicine) data. This makes FLUKA a flexible tool for the evaluation
and comparison of dose distributions for complex treatment plans [6, 13, |4]. The focus of
this work is on the preparation and configuration of the necessary tools for the comparison
and analysis of the planned and calculated dose distributions between the two systems.

1.2. MedAustron

MedAustron is a synchrotron-based particle therapy and research facility located in
Wiener Neustad, Lower Austria, approximately 50 kilometers south of the city of Vienna.
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It is one of only six such centers in the world, providing protons and light-ions for a range
of cancer treatment, clinical research and non-clinical research applications , . The
origins of MedAustron can be traced back to the AUSTRON project, which was launched
in the early 1990s to establish a scientific research center in Central Europe. Initially,
the project aimed to create a neutron spallation source, however, after a feasibility study
in 1994, the focus shifted to the development of an ion therapy center. The Proton-Ion
Medical Machine Study group was founded with the purpose of developing a
specialized synchrotron for medical treatments []gﬂ In 2007, the ownership of the project
was transferred to the region of Lower Austria, which then initiated the establishment
process. Construction began in 2012, and after four years, the first patient was successfully
treated with protons in December 2016, marking a significant milestone for the project.
Since then, the facility has continued to evolve, most notably with the implementation of
the gantry, the introduction of carbon ion-based treatments, and the addition of a helium
source in the near future. The layout of the facility is illustrated in Figure [I[.1]

Irradiation Rooms

Treatment / Clinical Research:
4 Proton Gantry
3 Horizontal fixed beam
2 Horizontal and vertical fixed beam

Non-clinical Research:

1 Horizontal fixed beam

i Ion Sources

T

Linear Accelerator

Figure 1.1.: Overview of the MedAustron facility, used with permission from MedAustron

0]

The accelerator is currently equipped with three ion sources, which generate the
particle beams. One of these is a carbon dioxide (COz2) source, which produces carbon
ions. The remaining two are hydrogen gas (Hz) sources, which generate proton beams
. The process begins with the heating of carbon dioxide and hydrogen gas to elevated
temperatures, generating a plasma. Utilising an electric field, the positive and negative
charges within this plasma are then separated. The ions are subsequently transported
from the sources to the linear accelerator via a Low Energy Beam Transfer line,
where they reach an energy of 8 keV per nucleon. In the linear accelerator the
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Separation wall

Injection
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‘ﬁ?‘iﬁiﬂ Syné:r(;tron

Figure 1.2.: Part of the MedAustron accelerator system, including key parts such as the
low energy beam transfer and the medium energy beam transfer, used with

permission from MedAustron .

particles are accelerated to 7MeV per nucleon . Upon transfer to the synchrotron via
the Medium-Energy Beam Transfer line, the beam is focused onto a carbon
stripper foil to remove any residual electrons from the ions, providing a mass-to-charge
ratio of m/q = 1 for the protons and m/q = 1/2 for the carbon ions. Finally, two
dipole magnets facilitate the injection of the beam into the synchrotron at the end of
the MEBT] line. The particles injected into the synchrotron are bunched and accelerated
by the RF-system to the desired extraction energy before being transported to different
irradiation rooms (IR1-IR4) by a beam delivery system . IR1 is dedicated to research,
while IR2-IR4 are used for treatment. Three of the treatment rooms are equipped with
fixed beam lines, and the fourth room is equipped with a proton gantry system, which
allows for flexible patient treatment. Proton energies for clinical use range from 62.4 MeV
to 252.7 MeV per nucleon, and can go up to 800 MeV for non-clinical research purposes

uk

1.3. Particle Therapy

Particle therapy uses ion beams (protons or heavier ions) to treat patients with malignant
or non-malignant tumors . It provides an alternative to conventional photon radiation
therapy and has several biological advantages due to its physical properties, which result in
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precise dose deposition within a defined range, minimizing damage to surrounding healthy
tissue. The higher precision also permits the treatment of tumors near radiation-sensitive

organs.

..... Megavoltage Photon
Carbon lon
ssesasssnsProton

Relative Energy

Depth in Tissue

Figure 1.3.: Dose deposition at depth for 6 MV photons, protons, and carbon ions by
Timothy D. Malouff et al. [15], used under CC BY 4.0

In Figure [I.3] the dose distribution of proton and carbon ion is compared to that of
megavoltage photon. It is observed that photons release most of their energy at the
beginning of their trajectory, while protons and carbon ions deposit most of their energy
towards the end of their path through matter, with minimal energy being delivered within
the so-called plateau region. The Bragg peak refers to the region where maximal energy
deposition occurs at the end of an ion’s path [16]. The underlying physical principles

responsible for the characteristic dose deposition of protons and other light ions are

explained in more detail in Chapter 2.4.5]


https://creativecommons.org/licenses/by/4.0/

2. Radiation Physics

This chapter introduces the basic interactions between radiation and matter. Concepts
such as cross-section and mean free path are introduced in These concepts are
essential for understanding the probability of certain interactions between particles and
matter and their energy dependence. Next, in chapter the various mechanisms of
photon interaction, such as the photoelectric effect, elastic scattering, the Compton effect,
and pair production are explored. These interactions serve as the foundation for several
medical imaging systems and play an important role in proton therapy. Finally,
focuses on protons, discussing their interactions and energy loss processes.

2.1. Interaction of Radiation with Matter

The interaction of radiation with matter is a stochastic process [17]. The collision
probability between a particle and an atom or nucleus with atomic number Z and mass
number A is generally given by the microscopic cross-section o:

o =0(Z A E) (2.1)

The microscopic cross-section depends on the projectile type and energy E and is often
seen as the effective area of the collision [18|. The microscopic cross-section is usually
given in units of barns 1barn = 1 x 1072* cm? [17]. A related concept is the macroscopic
cross-section X, which is indirectly proportional to the average distance between two
successive collisions, i.e., the mean free path A. The relation between the macroscopic
cross-section and the mean free path is given by:

1

Y=— 2.2
- (22)
The mean free path A is related to the microscopic cross-section as following:
1 M
= = 2.3
No  pNyo (23)

where N is the atom density, M is the molar mass, p is the material density, and
N4 = 6.022045 x 10?3 mol ™! is the Avogadro constant [18]. The probability of a specific
type of particle interaction depends on the energy. For an inhomogeneous medium or
material mixtures, the mean free path becomes:

_ 1 _ 1
Yl Ny 3, (45) o

N; is the atom density of element i, M; is the molar mass of element 7, and w; is the
relative weight fraction of element ¢ in the mixture |18].

A (2.4)
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2.2. Interactions of Photons with Matter

There are four fundamental photon interactions, each associated with a specific cross-
section. The cross-section for a photon to interact with an atom by the photoelectric
effect is represented by op.c., the cross-section for interaction by coherent scattering is
represented by ORayleigh, the cross-section for incoherent scattering is represented by
OCompton, and the cross-section for pair production is represented by Knyc . The total
cross-section gives the overall probability of photon interaction and is given by the sum
of the individual cross-sections:

Otot = Op.e. T ORayleigh T OCompton + Knuc- (25)

Figure illustrates the total cross-section as a function of photon energy in carbon,
showing the contributions of the different processes [19].
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Figure 2.1.: Photon total cross-section as a function of the photon energy in carbon,
with the contributions of different processes. ope. corresponds to the atomic
photoelectric effect and kpye(ke) corresponds to pair production in the nuclear
(electron) field by Christian Fabjan et al. , used under CC BY 4.0.

In the diagnostic energy range up to 150keV, only the photoelectric effect, coherent
scattering, and incoherent scattering are significant. Pair production become important at
much higher energies [17]; nevertheless, all photon interaction processes will be described
in detail in the following sections.
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2.2. Interactions of Photons with Matter

2.2.1. Photoelectric Effect

When an incoming photon interacts with an atom, it causes the atom to enter an excited
state, ejecting an electron from an atomic shell. This electron is called a photoelectron and
carries kinetic energy equal to the difference between the binding energy of the electron
to the atom and the energy of the incident photon:

Eyin = hv — Ebinding (26)

FEiin is the kinetic energy of the ejected electron, h is the Planck constant, v is the photon
frequency, and FEhinding is the binding energy between the electron and the atom [17]. If
the photoelectric effect involves an inner-shell electron, the electron ejection is followed
by atomic relaxation, i.e. the missing inner-shell electron is replaced by an outer-shell
electron, which emits characteristic X-rays or Auger electrons to compensate for the
energy difference. As shown in Figure the photoelectric effect is the dominant photon
process at energies up to the keV region [18|. For diagnostic energies up to 150 keV, the
photoelectric effect cross-section op . is proportional to:
n

Op.e. X (hZV)m (27)
where Z is the atomic number of the target material, h is the Planck constant, v is the
photon frequency, n and m are exponents in the range of 3.6-5.3 and 2.5-3.5 respectively,
being largest for low atomic numbers [17]. Depending on the energy of the photon, the
cross-section scales with the Z4 or Z° |[18].

2.2.2. Coherent Scattering

Coherent scattering, also referred to as Rayleigh scattering, is a cooperative phenomenon
involving the interaction of all the electrons in the atom [21]|. It represents a form of
elastic scattering, in which the internal energy of the particles involved in the collision is
preserved, with changes occurring only in their relative velocities [19]. This mechanism
is relevant at high atomic numbers and energies in the keV range. Therefore, it is not
significant for tissue or tissue-equivalent materials [21].

2.2.3. Compton Effect

Incoherent scattering, better known as Compton scattering or the Compton effect, de-
scribes a case of scattering in which a photon collides with an electron, resulting in a
change in the energy and momentum of the photon [18].

The relationship between the deflection of a photon and the loss of energy in Compton
scattering is established by the principles of conservation of momentum and energy
between the incident photon and the recoiling electron [17], as described in equation .

A=) - )= (1 —cos(h)) (2.8)

MeC
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where A and ) are the wavelengths of the photon before and after the collision, m, is the
mass of the electron, h is the Plank constant, c¢ is the speed of light and 6 is the scattering
angle. The Compton effect is the dominant process at MeV energies, as depicted in
Figure 2.1} In the diagnostic energy range, the energy transfer to the recoil electron is
also small. For photons with energies ranging from 50keV to 100keV, the maximum
energy transfer to the recoil electron is between 8.2keV and 28.1keV. This occurs when
the photon is backscattered |17]. The Compton effect assumes that the electron is free
and at rest. The incoherent scattering cross-sections ocompton 0f bound atomic electrons
can be approximated by multiplying the Compton effect cross-sections by the number
of electrons in the atom [17]. ocompton Scales with the atomic number Z, resulting in a
weaker dependence on atomic number than the photoelectric effect and electron-positron
production [18§].

2.2.4. Pair Production

At high energies, pair production is the dominant effect. The energy at which pair
production becomes dominant decreases as the atomic number Z increases, with a
threshold energy maintained at 1.022 MeV [18|. In this process, the photon is converted
into an electron-positron pair, each with a kinetic energy in accordance to Equation .

hv = E_ + E4 + 2moc? (2.9)

the kinetic energy of the photon is given by hv, F; and E_ are the kinetic energies of
the produced electron-positron pair, and 2mgc? = 1.022 MeV is the combined rest energy
of the electron and positron [17|. The pair production cross-section scales approximately
with Z2 [18].

2.3. Interaction of Neutrons with Matter

Neutrons are electrically neutral particles, which are not subject to Coulomb forces.
Nevertheless, they can interact with other particles through various processes. Neutrons
are stable only within the nucleus of an atom; outside the nucleus, they decay with a
mean lifetime of approximately 15 minutes. Similar to protons, neutrons have an atomic
mass close to 1 atomic mass unit (amu). Neutrons can be produced by several processes,
including alpha particle-induced nuclear reactions, spontaneous fission, neutron-induced
fission, photoneutron production, accelerator sources, and nuclear fusion [22].

Neutrons are classified into several categories based on their kinetic energy:

e Ultracold neutrons: Fi;, < 2 x 1077 eV
e Very cold neutrons: 2 x 1077 eV < Eij, < 5 x 1079V
e Cold neutrons: 5 x 107°eV < By, < 0.025eV

e Thermal neutrons: Ey;, ~ 0.025eV



2.3. Interaction of Neutrons with Matter

e Epithermal neutrons: 1eV < Eyj, < 1keV
e Intermediate neutrons: 1keV < Eyj, < 0.1 MeV

e Fast neutrons: Ey;, > 0.1 MeV

There are five main processes by which neutrons interact with the nuclei of a medium:
elastic scattering, inelastic scattering, neutron capture, spallation, and fission [23|. The
probability of a specific type of interaction between a neutron and a nucleus is energy-
dependent and is expressed by the cross-section |24} 23]. The total cross-section oota) is
defined as the sum of all individual cross-sections and represents the probability of any
interaction occurring, as given by Equation ([2.10):

Ototal = Z a; (210)

The subsequent sections provide a more detailed account of the various types of neutron
interactions.

2.3.1. Elastic Scattering

In elastic scattering, the total kinetic energy of the neutron n and the nucleus remains
constant throughout the interaction. During this process, the neutron transfers a portion
of its kinetic energy to the nucleus. The average energy loss for a neutron with kinetic
energy Fii, colliding with a nucleus of atomic mass A can be calculated [24] using the

following Equation:

2E,A

2.3.2. Inelastic Scattering

In inelastic scattering, the neutron n is captured by the nucleus and subsequently re-
emitted with a loss of energy and a change in direction. Consequently, the nucleus is
left in an excited state, from which it eventually releases radiation [23]. This process is
described by Equation:

n4+4X = 47" 54X fn = 94X = 4X 4y (2.12)
where ‘gX represents the target nucleus, ‘QHY* denotes the unstable nucleus resulting
from the absorption of the neutron, and %‘X* represents the excited target nucleus [23].

2.3.3. Neutron Capture

Neutron capture is a nuclear reaction in which a nucleus absorbs a neutron, leading to
the emission of various particles, such as protons or gamma rays |24]|. This process is
represented by the Equation:

n+4X =4 X+ (2.13)
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In this equation, éX represents the nucleus of an atom, where A is the mass number
and Z is the atomic number. Neutrons are denoted by n, and x represents the various
particles emitted during the reaction, such as protons or gamma rays. In biological tissues,
two neutron capture reactions are particularly significant: *N(n, p)'*C and 'H(n,~)?H
[23].

2.3.4. Spallation

Spallation is a nuclear process where a fast neutron n interacts with a nucleus and transfers
sufficient energy to cause the nucleus to break down into numerous residual components,
such as alpha particles a and heavier nuclei. This process occurs at high neutron energies,
where the neutron-nucleus interaction results in the ejection of several nucleons and the
formation of lighter nuclei |23].

2.4. Interaction of Protons with Matter

This section discusses the ways in which protons interact with matter, resulting in energy
loss. Interactions occur with either atomic electrons or the nucleus. Types of interactions
include inelastic interactions with atomic electrons, elastic interactions with atomic
nucleons, nuclear interactions with the nucleus, and Bremsstrahlung. However, this work
will not discuss the last type of interaction as it is negligible for therapeutic energies.

2.4.1. Stopping Power

Protons travelling through a medium interact with atomic electrons via electromagnetic
forces. This interaction leads to the excitation and ionization of atoms in the medium, and
subsequently causes the proton to lose some energy with each interaction until it comes
to rest [3]. The energy loss rate of protons is given by the mass stopping power ,
which describes the relationship between the average energy E dissipated by ionising
radiation as it travels a distance x through a medium.

s __4dE (2.14)
p pdz
where p is the mass density of the target material |16} 3]. The mass stopping power is
defined for a beam rather than for individual particles. For protons and heavier hadrons
with energies in the radiotherapy range, which is about 70 MeV up to around 250 MeV
for protons, this process accounts for most of their energy loss.

The energy losses of charged particles due to inelastic collisions with atomic electrons
can be described by several theories with different levels of complexity and accuracy [16].
The most accurate is the Bethe-Bloch formula, given by Equation . It was first
described by Hans Bethe |25] and later developed to include relativistic, shell and density
corrections |3].

E VA 2 ) 202,2
—d—:47TNAr§m62 - [ln( mec 57y )—BQ—S—C] (2.15)

dz Y i 7
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where Np = 6.022 x 1023 mol~! is the Avogadro constant, r. = 2.818 x 10715 m is the
classical electron radius, z is the charge of the particle, Z is the atomic number, A is
the atomic mass of the material, 8 = ¢ is the velocity of the particle relative to the
speed of light, v is the Lorentz factor, m. is the rest mass of the electron, ¢ is the speed
of light in vacuum and [ is the mean excitation energy of the material. C' is the shell
correction, which is only important if the velocity of the particle is comparable to the
velocity of the atomic electrons |16]. According to Equation , the energy loss is
directly proportional to the inverse square of the velocity of the projectile and the square
of its charge. The energy loss does not depend on the mass of the projectile. On the
other hand, it is directly proportional to the electron density in the absorber (%).
This is due to the fundamental Coulomb interactions between the projectile particles and
the atomic electrons, which are the main contributors to energy dissipation. The linear
stopping power also depends on the mass density of the absorbed material. In addition,
the stopping power depends on the ionization potential I of the absorber, which is directly
correlated to its atomic number Z. Consequently, the energy loss of protons in the human
body is mainly determined by the velocity of the ion as well as by the material density,
which can vary by about three orders of magnitude, ranging from air-filled cavities to
dense skeletal structures [16].

2.4.2. Multiple Coulomb Scattering

Due to the repulsive force between positive charges, protons undergo elastic scattering
when they approach an atomic nucleus. The large mass of the protons leads to small-angle
scattering, but even a small change in the trajectory of the proton can be significant,
although the proton loses a negligible amount of energy in this type of scattering [16]. In
proton therapy, the thickness of the irradiated volume leads in multiple scattering events,
which is known as Multiple Coulomb Scattering (MCS). accounts for the combined
effect of all scattering events and is an important factor to be considered when calculating
dose distributions in patients or phantoms with treatment planning systems for clinical
proton therapy |26, 27, |28 16|, where the sum of all collisions produces a later spread of
the beam and an angular divergence |[3].

Moliere’s theory [29] describes the angular deflection of particles after they have travelled
a certain distance. Due to the complexity of the full theory, several simplifications have
been proposed in the literature. One method, proposed by Gottschalk 30|, considers
the simplest case, which consists of a target of a single element so thin that the proton
loses negligible energy. Another approximation takes the form of the MCS as a Gaussian

distribution, as described by the Equation ([2.16)):

26 —6¢?
P0) = ) exp <<02>> dé (2.16)

where ((92>) is the mean square scattering angle or the width parameter of the Gaus-
sian distribution [16|. For small angles, the angular distribution of the beam can be
approximated by a Gaussian distribution [3| as defined by [31] in Equation (2.17)):

11
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A T 1 x
P(0) =14.1 MeV — 1+ =log;y —— 2.17
(6) Bpe\ Liaa < g 810 rad> (2.17)

where p is the momentum of the projectile, Z is the charge of the projectile and 8 = 7 is
the ratio of velocity to the speed of light, x is the depth of penetration in the medium
being traversed and Lyaq is the length of the radiation [3]. Equation shows that the
MCS increases significantly as the energy of the particle decreases. Additionally, targets
made of heavier elements result in larger deflection angles compared to those made of

lighter elements |3} |32].

2.4.3. Nuclear Interactions

Non-elastic nuclear reactions occur when a proton interacts with an atomic nucleus,
inducing irreversible changes such as neutron ejection |16]. While the probability of such
reactions is smaller than the other proton interactions, their significance increases with
the energy and mass of the primary particle, as well as the density of the medium [3]. To
penetrate an atomic nucleus, a proton must possess sufficient kinetic energy to overcome
the Coulomb barrier of the target nucleus. The minimum energy threshold for non-elastic
cross-section in proton-induced nuclear reactions is approximately 8 MeV in biologically
relevant elements [16].

Nuclear interactions lead to the attenuation of primary particle fluence, the production
of fragments, and the emergence of secondary particles. These interactions not only
modify the width and height of the Bragg curve but also generate its tail |3]. Secondary
particles resulting from nuclear reactions are particularly significant in proton therapy.
They contribute to the total absorbed dose, potentially increases the beam’s Relative
Biological Effectiveness (RBE), and can produce secondary neutrons, leading to dose
deposition outside the target volume [33|. In context of clinical proton therapy, relevant
nuclear reactions generate energetic protons, neutrons, deuterons, tritons, 3He, 4He,
and other small ions. While secondary protons contribute to approximately 10% of the
absorbed dose in a high energy proton beam, deuterons and heavier ions contribute only
1% |16, 34]. Secondary particles generated from target fragments typically possess low
energy and range, leading to the deposition of their energy in close proximity to their
point of origin |3}, [16]. Secondary neutrons produced by nuclear reactions in high energy
proton beams are a major concern. Due to their considerable biological effectiveness, even
small contributions to the absorbed dose can lead to significant side effects |35].

2.4.4. Proton Range

As discussed in previous sections, charged particles such as protons lose energy through
ionization and excitation of atomic electrons as they pass through matter. In addition,
protons can experience subtle changes in their trajectories due to elastic collisions with
atomic nuclei. Despite this, most protons travel in an almost straight line because their
mass is 1832 times greater than the mass of an electron [16]. The range of a proton is
defined as the depth within a material that the proton can penetrate before coming to

12
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rest. However, due to scattering, not all protons of the same energy have the same range.
Therefore, the range must be defined for a beam rather than for a single particle [36]. In
the context of proton therapy, the range of the proton beam is typically defined as the
depth at which the central axis depth dose has decreased to 80% of the maximum dose
[37, 136]. However, this value may vary between different sources in the literature. The
range of a proton beam in a water phantom with four different nominal energies is shown

in Figure
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Figure 2.2.: Bragg peak for four proton beams with energies between 100-200 MeV

Assuming continuous energy loss and neglecting lateral dispersion, the range of a proton
beam can be calculated using the Continuous Slowing Down Approximation (CSDA))

defined by Equation ([2.18)).

R(E) = /OR (if)_l dE (2.18)

which integrates the inverse stopping power from 0 to the maximum energy |23, 13, |16].
The range of a proton beam depends on the kinetic energy and the mass of the particles
as well as on the composition of the absorbing material |23} |16].
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2.4.5. The Bragg Peak

The energy transferred from the protons to the atomic electrons in a material is described
by the Bethe-Bloch formula, as discussed in Chapter The energy loss per unit
distance travelled through the medium is graphically represented by the central axis
depth dose distribution, also known as the Bragg curve |38, [3]. The Bragg curve features
different regions resulting from the specific types of interactions described in the chapters

2:4.7] 2:42] and [2:4:3] These regions are presented in Figure 2.3
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Figure 2.3.: Relative dose of a 100 MeV proton beam as a function of depth in water. The
various regions and characteristics are labeled.

e The region of electronic buildup corresponds to the incident area of the proton
beam, resulting from the accumulation of secondary electrons [16].

e The protonic buildup region is where the Coulomb interactions increase with depth
due to the accumulation of secondary protons from proton-induced non-elastic
nuclear interactions [16].

e The sub-peak region extends from the surface of the absorber to a depth just before
the peak. This region is caused by the stopping power’s dependence on the inverse
of the proton velocity, the removal of some protons, and the release of secondary
particles due to nuclear interactions [16].
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e The Bragg peak is the region of maximum energy loss. The underlying physical pro-
cesses include proton stopping power, dispersion of energy deposition by individual
particles, and nuclear reactions [16]. Nuclear reactions do not affect the position
of the Bragg peak, but they do alter some of its characteristics, such as the height
and width of the peak, and are responsible for the tail [3].

When discussing proton beam therapy, it is important to distinguish between two
related concepts: the Pristine and Spread Out Bragg Peak . These concepts are
illustrated in Figure [2.4] The term pristine Bragg peak refers to the unmodified depth
dose distribution that arises from a monoenergetic or nearly monoenergetic proton beam.
In simple terms, it describes the original and unaltered energy deposition pattern of a
single proton beam, displaying a well-defined and distinct peak in energy release |16].

110 4

100 +

relative dose (%)

depth in phantom (cm)

Figure 2.4.: "A typical created SOBP with subplot weighted Bragg peaks", by S F Masoudi
et al. [39], used under CC BY 3.0

The [SOBP)| is a modified depth dose distribution created by combining multiple quasi-
monoenergetic proton beams. This method produces a wider and more evenly distributed
energy deposition profile. The[SOBP]is mainly used to ensure that the entire tumor volume
receives uniform and consistent radiation, which is essential for an effective treatment.
Implementing the [SOBP]technique involves adjusting the energies of the individual proton
beams so that their Bragg peaks overlap, collectively covering the entire tumor volume
and providing a homogeneous dose distribution throughout the target area [16].
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3. Radiation Therapy

Radiation therapy is a standard cancer treatment that uses radiation to target and
eliminate cancerous cells. In this chapter, the essential concepts related to radiation
therapy, including dosimetry, absorbed dose, equivalent dose, and effective dose are
covered. The concept of radiobiology and and the physical properties of radiation, such
as Linear Energy Transfer and Relative Biological Effectiveness will be also

discussed.

3.1. Dosimetry

Radiation dosimetry is the process of measuring, calculating, and evaluating the absorbed
dose of ionizing radiation. This is a crucial aspect of radiotherapy, where the aim is to
improve the effectiveness of cancer therapy while minimizing the risk of severe adverse
effects among patients [40]. Moreover, it is of significant value in other medical fields,
such as diagnostic radiology [41] and nuclear medicine, where the principle of limiting
exposure "as low as reasonably achievable" is of utmost importance [42].
The International Commission on Radiological Protection has introduced
several dosimetric quantities and units to describe radiation beams [43] |44} [23|. The most
commonly used dosimetric quantities and their units are defined in the following sections.

3.1.1. Absorbed Dose

The absorbed dose is a measure of the energy deposited per unit of mass, denoted by
the unit Gray (Gy) with the dimension of Joule per kg. As defined by Equation (3.1)), it
represents the average energy AFE deposited by ionizing radiation within a volume V' of
mass Am [45].
p_AF
Am
The absorbed dose is the fundamental physical dosimetric quantity, but it cannot be
directly used for radiation protection since various types of ionizing radiation have different
effects on damaging human tissue [45]. Therefore, the concept of equivalent dose was
introduced to account for these differences and provide a more accurate measure of
radiation exposure for radiation protection purposes.

(3.1)

3.1.2. Equivalent Dose

The concept of equivalent dose Ht takes into account the biological effects of a specific
type of radiation when compared to the same absorbed dose, providing a clearer indication
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of the potential radiation risk. It is necessary to consider this factor because the damage
caused by the same dose of radiation to an organ from neutrons or « radiation is more
severe than that caused by 7 radiation or electrons [45]. The equivalent dose is given as
the product of the absorbed dose Dt and the radiation-dependent weighting factor wg.

HT = wRDT (3.2)

Since the weighting factor wy is dimensionless, the equivalent dose H retains its unit of
joule per kilogram. However, to differentiate between absorbed dose and equivalent dose,
the unit of equivalent dose is referred to as Sievert (Sv) [45]. The tissue weighting factors

wg are listed in Table

Radiation type Weighting factor
WR,
Photons 1
Electrons and muons 1
Protons and charged pions
Alpha particles and heavy ions 20
Neutrons 5-20

Table 3.1.: Radiation weighting factors as defined by the International Commission on
Radiological Protection (ICRP)) in the ICRP Publication 103 (ICRP 2007)
[46]

3.1.3. Effective Dose

The concept of effective dose E, introduced by the in 1977 [43|, considers the
sensitivity of organs and tissues to radiation through the use of tissue-dependent weighting
factors. These tissue weighting factors wr represent the relative contribution of an organ
or tissue to the total damage due to the effects resulting from a uniform irradiation of
the whole body. At low doses, the individual organ or tissue damage is additive, and the
total damage to the whole body is the sum of the individual damage [45|, as given by
Equation (3.3):

E = ZwT * HT (33)
T

where H represents the equivalent dose of a particular type of radiation. Equation (3.3))
can be expanded to consider multiple types of radiation. The tissue weighting factors wr
are given in Table [3:2]
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3.1. Dosimetry

Tissue Tissue weighting factor S wp
wT

Bone-marrow (red), Cglqn, lu.ng7 0.12 0.7
stomach, breast, remaining tissues.
Gonads 0.08 0.08
Bladder, Oesophagus, Liver, Thyroid 0.04 0.16
Bone surface, Brain, Salivary glands, Skin 0.01 0.04
Total 1.00

Table 3.2.: Tissue weighting factors according to ICRP 103 (ICRP 2007) [46].

3.1.4. Dose-to-Water

In radiotherapy, doses are typically expressed as water-equivalent dose, also known as dose-
to-water Dy, for historical reasons |47, 3] and because the human body is mostly composed
of water. Commercial treatment planning systems typically model the structures of the
human body as water voxels with varying mass density, electron density or stopping power,
while the real tissue composition varies significantly. Monte Carlo codes, such as FLUKA,
calculate the dose in the medium D,,, taking into account material properties such
as composition, mass density and ionization potential, which allows for more accurate
reflection of particle interactions. However, most of the clinical experience is based
on dose-to-water calculations, and commissioning, quality assurance and absolute dose
measurements in radiotherapy centers are done in water [48, 47, 3|]. Consequently, a
conversion of the dose-to-medium into dose-to-water is necessary for a direct comparison
of results from Monte Carlo simulations to the treatment planning system. Several
methods have been previously employed to integrate the calculation of dose-in-water
into FLUKA, as detailed in [48, |49|, for which a specialized routine was implemented to
directly multiply the fluence &, of charged particles in a given medium by the Linear
Energy Transfer of the particles in water [48]. Recent developments of FLUKA in
the field of particle therapy have introduced a more user-friendly method for calculating
the dose-to-water via the use of a USRBIN score card, which has already been pre-defined.
This method is called on-the-fly conversion from Dy, to Dy, and considers all the elements
of the mixed-radiation field generated by the primary beam, as well as the secondary
particles and fragments that undergo nuclear reactions in a patient voxel geometry |50 3].
The on-the-fly conversion from Dy, to Dy, is given by Equation

Dy = Z / Dy, i(E)SW’;(E) dE (3.4)

where the dose-to-medium is converted into dose-to-water by weighting the track-length
with the stopping power in water Sy ; at each step, regardless of the material present at
the step location.
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3.1.5. Water Equivalent Thickness

As already discussed, water is a material frequently used in radiotherapy to evaluate the
distribution and range of radiation doses due to its similarities with human tissues [51].
Water shows characteristics such as energy loss, multiple Coulomb scattering, and nuclear
interactions, which are comparable to those of human tissues. The Water Equivalent
Thickness , denoted by ty, is a parameter employed in the characterization of
the penetration range for clinical proton beams. It enables the analysis and comparison
of range losses in various beamline components and in the patient . A schematic
representation of WET]is presented in Figure [3.]]

Range

Figure 3.1.: Schematic illustration of the concept of .

The general equation for the definition of the Water Equivalent Thickness of a material
is given in Equation :
,OmSm
,0wa
where the mass densities of water and the given material are represented by py and pp,
and Sy, Su denote the mean proton mass stopping power of water and the material,
respectively. An approximate method for predicting the[WET]using the ratio of continuous
slowing down approximation (CSDA)) ranges in water and the material of interest
was proposed by the International Atomic Energy Agency and is defined as
follows:

tw = tm

(3.5)

te = tm e (3.6)
Pw
As already mentioned, the Water Equivalent Thickness of a material is denoted as t.,
while its physical thickness is represented by t,,. The mass densities of both water and
the given material are represented by pn, and py. Finally, ¢y, is a depth scaling factor
defined by the ratio of the Continuous Slowing Down Approximation (CSDA) in water to
the target material, as given in Equation .
Pw Ry

= Pl 3.7
= h (3.7)
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This approach is only valid for targets thick enough to stop the beam completely, also
known as stopping-length targets. In clinical applications of proton therapy, it is possible
to determine the values by analyzing the range shift resulting from introducing a
test object. This technique involves performing a pair of measurements under identical
conditions, with the only difference being the introduction of the test material. The
resulting range shift in a water phantom corresponds to the value |52} [16].

3.2. Radiobiology

The field of radiobiology studies the impact of ionizing radiation on living organisms
and biological tissues. It is an interdisciplinary field that combines radiation physics
and biology |23|. The effect of ionizing radiation on cells and genetic material
is based on the physical principles described in Chapter 2] Cells and genetic material
can be damaged by ionizing radiation. If the damage is not repaired, it can lead to cell
death or changes in the called mutations. There are two ways in which this harm
can occur: direct and indirect action. Direct action occurs when the radiation interacts
directly with a critical target within the cell, leading to a chain of physical and chemical
events resulting in biological damage. Indirect action, on the other hand, happens when
radiation interacts with other molecules and atoms inside the cell, producing Hydroxyl
radicals [53) 23|. These free radicals can then diffuse and damage the key targets within
the cell by breaking chemical bonds and causing chemical changes [23]. The kind of action
that specific types of radiation take on a cell is closely related to the [LET] of the particle.

3.2.1. Linear Energy Transfer

The Linear Energy Transfer is a parameter defined by the International Commis-
sion on Radiation Units and Measurements , often used in medical physics and
radiobiology to quantify the amount of energy deposited per unit distance traveled by a
charged particle in a particular medium. It determines the average rate at which energy
dFr, is deposited locally along the path dx of a charged particle of a given energy, and
it sets a limit on the distance from the track beyond which energy deposition will not
be included or the maximum value of discrete energy loss by the particle beyond which
losses will no longer be considered as local [21]. The Linear Energy Transfer is defined in
Equation :
dE},

LET = T (3.8)
Although [LET] is closely related to linear stopping power, it focuses on the amount of
energy deposited due to electronic interactions without considering the energy loss caused
by nuclear interactions. The delimitation of energy deposition that is considered for [LET]
is established by excluding the energy deposition of high energetic secondary electrons,
also known as d-rays [54]. In the field of radiation biology, has an important role in
understanding the biological effect of radiation, as it determines the rate at which energy
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is transferred to the medium in a localized area. This characteristic is significant because
the energy must be locally delivered to a specific cell in order to cause damage [21].
Particles are classified into two groups based on their Linear Energy Transfer: high [LET]
radiation causes more ionization events by depositing a larger amount of energy per unit
length along its path. As a result, this leads to a higher concentration of energy deposition,
which can cause more severe damage to biological structures near the particle track, such
as double-strand breaks and base damage to the molecule [21]. When high
particles interact with biological material, the dominant process of cell damage is direct
action [23]|. In contrast, low radiation tend to generate uniform and widespread
ionization throughout the tissue, mainly resulting in single-strand breaks |21} |55, 56].
The majority of the biological damage caused by low [LET] particles is due to indirect
action |23|. Electrons, X-rays, and 7-rays are typically associated with low whereas
high [LET] is commonly associated with protons and a-particles. The [LET] associated
with X-rays, y-rays, and neutrons arises from the secondary charged particles that are
produced when the primary particles interact with the surrounding medium or tissue [21].

3.2.2. Relative Biological Effectiveness

Relative biological effectiveness is defined as the ratio of the absorbed dose of
a specific type of radiation to a reference absorbed dose that produces an equivalent
biological effect under uniform conditions [34], as given by Equation :
Dg

RBE = D. (3.9)
The absorbed dose of the particular type of radiation and of the reference radiation are
denoted by Dy and Dg, respectively. X-rays with an energy of 250keV or cobalt-60
gamma rays are frequently utilized as the reference radiation. In clinical settings, proton
therapy employs a constant RBE value ranging between 1.1 and 1.2 [56|, as recommended
by the ICRU [44]. This value is used to calculate the clinically prescribed dose, which is
referred to as the biological dose Dgj, or isoeffective dose, as given by:

DBio = RBE - DPhysical (310)

It is important to note that even when a constant [RBE] value is typically employed,
the [RBE] depends on a variety of factors. These factors include the type and quality of
radiation, which are measured by Linear Energy Transfer , as different types of
radiation transfer energy differently. Additionally, the RBE]can be influenced by the total
dose, dose per fraction, presence or absence of oxygen, and the specific tissue or cell in
which the radiation dose is deposited |21} 34].
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4. Medical Imaging and Treatment
Planning

4.1. Medical Imaging

Improvements in imaging techniques and instrumentation have revolutionized early
diagnosis and treatment of various medical conditions [57]. Different techniques can be
employed based on the specific information needed, and the selection of imaging technique
and instrumentation should be carefully evaluated for their impact on diagnosis. The most
commonly used modalities are computed tomography , positron emission tomography

(PET)), magnetic resonance imaging (MRI) and ultrasound. In radiotherapy, is the
gold standard because of its ability to provide tissue density information |57, |48].

4.1.1. Computed Tomography

Computed tomography is a medical imaging technique used to obtain detailed
internal 3D-images of the body. [CT]scans have a wide range of applications, including the
detection and diagnosis of various medical conditions, such as tumors, and the planning
of radiotherapy treatments [17]. The basic principle behind image acquisition involves
measuring the spatially dependent X-ray attenuation coefficients p, which result from the
interaction of X-ray beams with a patient [57]. A detector array consisting of multiple
solid-state detectors is positioned opposite the X-ray tube, both of which are mounted
inside the gantry. The X-ray tube rotates around the patient, continuously collecting data
from multiple angles [17]. The acquired data is then used to reconstruct a matrix
using a computer reconstruction technique, resulting in a cross-sectional image typically
consisting of 512 x 512 or 1024 x 1024 pixels. scanners operate in the range of 7T0kV
to 140kV and a tube current between 70 mA up to 320mA, with the exact value being
tailored to the size of the patient |57]. The values assigned to each pixel in a image
are associated with the linear attenuation coefficient u of the corresponding tissue, which
depends on the density and composition of the material in addition to the photon energy
[17], according to the Beer-Lambert law (4.1)):

I(z) = Ipe "= (4.1)

where I(x) is the intensity of the attenuated beam, Iy is the intensity of the original
beam, and x is the thickness of the material. Since most X-ray sources and tubes produce
polyenergetic beams, the Beer-Lambert law should be integrated over all photon energies
in the X-ray spectrum. Most reconstruction algorithms, however, use an alternative
approach in which the average photon energy of the spectrum is used instead [17]. A
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detailed description of reconstruction algorithms is beyond the scope of this thesis. The
characteristic third dimension of images results from the movement of the patient’s
table in a horizontal direction as the images are acquired |57]. The position of the patient
on the table is an important factor in the treatment planning process and is recorded
along with the scan data [17].

The reconstructed [CT]image is composed of multiple slices, each representing a specific
plane in the body of the patient and displaying the anatomy at a particular level. The
thickness of the slice is selected to reduce scatter radiation and overlapping by using
collimators. Typically, it ranges between 1 mm to 5 mm and is determined by the operator
based on clinical examination requirements [58]. Figure [4.1]illustrates this concept showing
a image of a head at different slices of the image.

Figure 4.1.: CT image of head at different slices.

4.1.2. Hounsfield Units

For the purpose of comparison and interpretation of images acquired by the same
or by different scanners, it was necessary to have a standardized scale of measurement.
Godfrey Hounsfield introduced the Hounsfield units , also known as numbers, as
a relative quantitative measure of radiodensity. The Hounsfield scale relates the average
attenuation coefficient of X-rays within tissue relative to water. A Hounsfield unit is

defined by Equation (4.2)), as:

HU pageriat = Lmaterial = Hvater 40 (4.2)
Mwater

where fwater and fmaterial are the linear attenuation coefficients of the water at room
temperature and the material, respectively. Water and air have assigned values of
HUyater = 0 and HU,;, = —1000 [17]. In a image, materials with a lower attenuation
coefficient than water are represented by negative numbers and appear as dark shades of
gray, with air appearing as black. Whereas, materials with a higher attenuation coefficient
than water are represented by positive numbers and appear as lighter shades of gray up

to white in the image [58].
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4.1.3. DICOM Standard

[CT] scans, among many other medical imaging procedures that require image reconstruc-
tion, are based on digital storage rather than traditional photographic plates. These
developments in medical imaging, along with the wide range of specialized equipment
offered by multiple manufacturers implementing different approaches, have created the
need for a standard that enables and simplifies the exchange of medical data [59]. The
Digital Imaging and Communication in Medicine standard serves as a crucial
format for medical images, facilitating the storage, exchange, and management of medical
images and associated information [60]. standardizes medical information and
technical specifications into modules. These modules consist of lists of attributes that
encode specific details within common categories, such as patient-specific information,
device details, type of examination, and the relationships between these types of informa-
tion [17]. In addition, enables communication between medical imaging devices,
diagnostic systems, and therapy systems. This is particularly important in radiotherapy,
where treatment planning can be based on the [CT|images of the patient. This is made
possible by the compatibility of image formats supported by [61]

4.2. Treatment Planning

Treatment planning is the process used to program a radiation therapy machine to
deliver a precise radiation dose to a patient, or more specifically, to a defined area of the
patient undergoing treatment. The treatment planning workflow consists of a series of
steps that require detailed knowledge of the patient’s anatomy and system specifications.
This knowledge is used to determine the optimal system configuration for delivering an
appropriate dose to the target structures while minimizing damage to healthy tissue [62].
A flowchart describing the treatment planning workflow is shown in Figure 4.2

Basic radiation therapy workflow

Structure Treatment Plan Patient

Diagnosis —» CTimaging —» ; - plan - ; ; -
contouring generation verification treatment

Beam angle selection

Dose deposition
malrix computation

Plan oplimization

Figure 4.2.: Radiation therapy workflow by David Craft et al. [63], used under (CC BY 4.0

As mentioned in Chapter [f.1.1] the radiotherapy treatment planning process is based
on the patient’s [CT| images. Using the DICOM]standard, these images can be imported
directly into a treatment planning system where the various regions of interest (ROI)),
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organs at risk , and target volumes must be delineated before the beam
configuration and dose distribution can be defined and optimized [45]. This involves
calculating the most effective beam angles, intensities, and shapes to achieve the best
possible therapeutic outcome. The entire process is iterative and often requires a number
of adjustments and evaluations in order to refine the plan. From the [CT| data, a user-
defined mass density to [HU] calibration curve defined in the treatment planning system is
used to interpret the material information used in the dose distribution calculations [64].
There are currently a number of commercial planning systems available on the market.
These systems typically differ in the radiation dose calculation algorithms used and the
way they are implemented |65]. Within the framework of this thesis, the treatment
planning system RayStation [66] is used.

4.2.1. Calibration Curve

In order to be used as a base for the dose distribution calculations by the treatment
planning system, the Hounsfield units in each volume element (voxel) of a
image need to be converted to mass density p, a process defined by the mass density
p to [HU] calibration curve, also known as the [HU]| calibration curve. This correlation
between tissue mass density p and Hounsfield units is crucial in computed tomography,
since it allows the conversion of tissue composition into numerical values for representing
anatomical structures and pathological findings in medical imaging. As mentioned in
Chapter the [CT] number depends not only on the attenuation properties of the
medium, but also on several other factors such as scanner type, tube voltage, field of view
(FOI), and reconstruction algorithm [67]. As a result, the number of a given tissue is

not constant but rather scanner- and study-dependent [68].

CT to density

Figure 4.3.: Mass density to calibration curve for the MA /Adult Head protocol.

The process of generating such a calibration curve involves the scanning of a phantom
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with inserts of tissue-equivalent materials of known composition, and relating the density
of those materials to the obtained [CT| number. The results are typically presented as a
graph of the mass density p as a function of the Hounsfield unit , as illustrated in
Figure

The relative stopping power values necessary for treatment planning and dose calculation
are frequently calculated on a voxel-by-voxel basis, using stoichiometric calibration. The
composition and density of standard adult tissues are typically employed as a reference
point. Nevertheless, it is commonly assumed that the compositional inserts of the
calibration phantoms are representative of tissues of all ages and sexes. This assumption
overlooks the fact that female, male, and pediatric tissues differ in density and composition.
Some centers employ a smaller electron density phantom to calibrate the [CT] to small
patients . Additionally, the adjustment of parameters utilized in scanning protocols
is employed to account for these differences.

4.2.2. Structure Definition and Contouring

Structure definition and contouring represent a fundamental aspect of the treatment
planning process, as they serve as the basis for the prescription, documentation, and
implementation of the treatment plan . The contouring of structures and volumes is
conducted by a medical physicist, radiation technologist or radiation oncologist directly
over the images in the treatment planning software. The Reports No. 50
and 62 defined multiple volumes for treatment planning, which serve as a basis for
comparison between treatment outcomes. These structures include the gross tumor volume
, the clinical target volume , and the planning target volume . In
addition, organs at risk must be carefully considered and delineated for treatment
planning . A brief description of these structures and concepts is provided in the
following sections and illustrated in Figure [4.4]

CTV

Figure 4.4.: Irradiation volumes of interest, as defined in [[CRU| Report No. 50.

Gross Tumor Volume (GTV|): The gross tumor volume is defined as the extent

and location of the tumor [45] 70, [71].
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e Clinical Target Volume (CTV]): The clinical target volume includes the area
immediately surrounding the [GTV] which may contain disease contamination. It is
usually described as a margin around the [GTV] the extent of which is determined

by a radiation oncologist , , .

e Planning Target Volume : The planning target volume takes into account
the net effect of all possible geometric variations to ensure that the prescribed dose is
actually absorbed in the clinical target volume; it includes the clinical target volume
and a margin for uncertainty, machine tolerances, and in treatment variations [45,

70, [71}.

e Organs At Risk (OAR)): Organs at risk are those whose sensitivity to radiation
is such that the dose received from a treatment plan may be significant compared
to their tolerance. This may require a change in beam delivery or dose , .

e External Region Of Interest (External [ROI): The external region of interest
is defined as the delimitation of the patient. All other relevant structures such as

target [ROTk and [OARk must be covered by the external 71).

e Regions Of Interest (ROI)): The regions of interest include all structures relevant
to radiotherapy, such as body contours, PTVE, [GTVE, and [45], [70l, [71].

4.2.3. Dose Planning

The process of dose planning, calculation and optimization can begin once the target
volume and regions of interest have been delineated. Based on the patient geometry
and defined structures, the beam entrance fields can be defined according to several
principles: the dose should be delivered homogeneously to the tumor volume using either
a single-field direction or a multi-field direction approach (as depicted by Figure for
which is important to consider and minimize the effects on low-dose regions and to spare
normal tissue. In addition, the shortest possible beam path should be used, avoiding
highly heterogeneous areas that may distort the shape of the Bragg peak.

Figure 4.5.: Drpg for intensity modulated particle therapy for a proton beam using
single and multi-field by Stewart Mein et al. , modified and used under
CCBY 4.0
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4.2. Treatment Planning

The purpose of dose calculation and optimization is to ensure that the necessary dose
is delivered to achieve the therapeutic effect while also considering the constraints of the
surrounding normal tissues. This is carried out by the treatment planning system, which
assigns energy, number of particles, and transverse position to each monoenergetic beam.
The medical treatment planner needs to determine specific targets and constraints for
optimization, which will be used as a base for the treatment planning system to optimize
the dose distribution. This provides the best field shapes, beamlet weights, particle
fluence, etc. based on the dose planning method [3]. Dose planning methods such as
pencil beam and Monte Carlo based [TPS| are described in Chapter [5]
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The goal of this thesis was the commissioning of certain input parameters to enable
the recalculation of MedAustron treatment plans using the Monte Carlo code FLUKA.
Specifically, I focused on adapting and validating input [CT] calibration curves, and
assessing their impact on the simulated dose distributions.

The materials and methods used in this thesis are detailed in this chapter. The
first section explains the fundamentals of the Monte Carlo method and provides a
description of the relevant softwares: FLUKA [5.1.1] and the treatment planning system
RayStation It emphasizes the mathematical and physical models used as the basis
for their dose calculations as well as their approach to handling [DICOM] data. Then, the
workflow for calibration curve adjustment and verification as well as the implemented
methods are presented in Section and The process of dose recalculation
with FLUKA is described in Section [5.2.3] Finally, a short description of a simulation
using the beam model is given in Section

5.1. Monte Carlo Method

Monte Carlo (MC|) methods are computational techniques that use random numbers to
solve mathematical problems, including numerical integration and stochastic optimization.
They are also widely used to simulate physical, chemical, and biological systems. The
underlying principle of the Monte Carlo method is the Law of Large Numbers, which
states that the expected value E(X) of a random variable X with a probability density
function f(z) is approximately given by the average value  if the experiment were to be
repeated infinitely often [73]. The expected value E(X) of X is calculated by Equation

B
E(X)= /:vf(:c)dx (5.1)

where the integral is done over all possible values of X. In the case of discrete random
variables, the integral is replaced by a summation [73|, resulting in:

E(p(X)) = lim —Z(p (5.2)

inf—>o00 N

On the other hand, the average value Z of the results of n is given by:
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Hence, according to the Law of Large Numbers |74], for an infinite number of results
(n — o0), the mean approaches the expected value, as shown in Equation ([5.4)).
lim =z = E(p(X)) (5.4)
n—oo

The statistical uncertainty of the expected value is calculated using the Central Limit
Theorem, which is given by Equation (5.5) |73} |3].

1 (z—E(2))?

lim P(3) = ——— ¢ @2/ (5.5)
n—oo 2ro(x)?/n

which states that as n approaches infinity, the mean of n identically distributed independent
random variables converges to a normal distribution with mean Z and variance o(z)2/n.

A physical problem must first be formulated mathematically, typically as an equation
or system of equations, to be solved using the Monte Carlo method [75]. In medical
physics, Monte Carlo simulations have become an essential tool, especially in the context
of particle therapy, where they are used to commission clinical facilities, design beamlines,
delivery systems, and determine radiation protection parameters. In addition, [MC| codes
can be used as a tool to validate, improve and commission analytical treatment planning
systems [4]. The schema for solving physical problems using Monte Carlo simulations is
as follows |75|:

1. The problem is formulated mathematically by developing a fitting model that
describes of the phenomenon.

2. A statistical interpretation of the problem is formulated, expressing the quantity of
interest as a parameter of a distribution.

3. A sampling algorithm is developed.

4. Estimators for the value and its statistical and statistical uncertainty derived. These
can be the sample average and variance, for example.

5. The algorithm is optimized to achieve the desired level of statistical uncertainty for
the available computational time.

6. A statistically significant sample is created.
7. The sample is used to generate the parameter and its uncertainty.

The radiation transport mechanism is a random process, which makes it an excellent
application for Monte Carlo calculations. Applying this scheme to the case of calculating
the dose distribution from a radiation source, the initial parameters of a particle would be
sampled from the distribution characterizing the source. Then, a particle trajectory would
be generated by simulating the actual process in order to calculate the dose delivered by
that particle. By generating a sufficiently large number of trajectories, the desired level
of statistical uncertainty in the calculated dose distribution would be achieved |75].
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5.1.1. FLUKA

With roots dating back to the 1970s, FLUKA |[76] is a general purpose Monte Carlo
code developed jointly by the European Organization for Nuclear Research (CERN) and
the Italian Institute for Nuclear Physics. The code is capable of describing the particle
transport and interaction with matter of about 60 different particle species and heavy ions
in the energy range from 1 keV to 20 PeV. All particles are tracked with high accuracy
within complex geometries created by the combinatorial geometry package [3]. FLUKA
implements modern physical models that follow a microscopic approach, which ensures
the consistency of all reactions and compliance with conservation laws. The versatility
of FLUKA covers a wide range of applications, including acceleration physics, detector
design, calorimetry, activation, dosimetry, radiation protection, cosmic rays, neutrino
physics and radiotherapy [77]. In the field of radiotherapy, FLUKA has been tested with
depth dose distributions and beam lateral profiles from research and clinical particle beam
therapy accelerators for protons, carbon and several other light ions [6]. A description of
the physical models relevant for particle transport calculations of dose distributions in
the therapeutic setting is given by Kozlowska [3| and in more detail by Battistoni [4] as
described below:

e Electronic Stopping Power: when calculating electronic stopping powers, FLUKA
starts from the Bethe-Bloch formalism discussed in Chapter incorporating
corrections and avoiding approximations by retaining all terms in the equation to
achieve higher precision. The Bethe-Bloch formula, including the modifications

proposed by the International Commission on Radiation Units and Measurements
(ICRU)) |78| and by Ziegler [79] for the low energy range, as used in FLUKA, is

given by:
dE 2mnerimec? 2?22 2mec? BT,
(4F) - Zrncremmec oy, (et lom ) 92 e (6) + 22209
0
c(B
+ Kz 8) 299 —5(9)]

(5.6)
B is the projectile velocity relative to the speed of light, n, = 2 N jvz is the electron

density of the target material, I = 75eV is the mean excitation energy as proposed
by the [78], M is the projectile mass, and Tiyax is the maximum energy transfer
to a stationary electron. The density correction d depends on the polarization of
the medium and is calculated as proposed by Sternheimer [80]. The shell correction
C takes into account the effect of atomic bonds, which is especially important at
low energies. C is calculated from the proton stopping power values given by [78].
zeft describes the effective charge due to the partial neutralization of the projectile
charge by the charge of the atomic electrons. For protons zeg = z. The correction
factor K, only becomes relevant for medium-heavy projectiles, so it will not be
discussed further. Finally, L; and Lo account for the Barkas [81] and Bloch [82]
corrections, respectively, as described in [78§].
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e Secondary Electrons and Energy Loss Fluctuations: To account for the
fluctuations associated with charged particle energy loss, FLUKA uses an approach
[83] that relies on the properties of the cumulants of distributions. The approach
can account for an arbitrary threshold for the explicit production of secondary
electrons (d-rays), for arbitrary step-lengths, and for the contribution of distant
collisions to the energy loss fluctuations, while ensuring exact compliance with the
average restricted stopping power.

e Multiple Coulomb Scattering: FLUKA incorporates an extended model [84]
for charged particle transport using the Moliere theory [29] to account for multiple
Coulomb scattering, as described in Chapter 2.4.2]

e Nuclear Interaction Models: FLUKA’s nuclear interaction model, known as
PEANUT [85], simulates the nuclear environment for interactions involving hadrons,
photons, muons and neutrinos from several MeV. At energies relevant for therapy,
PEANUT represents the interactions during the stages of a generalized intranuclear
cascade (GINC), followed by particle emission based on excitons in a pre-equilibrium
phase and an equilibrium phase.

To integrate FLUKA into medical applications, a graphical user interface (GUI|), known
as Flair, provides the ability to import, manipulate, and VieW files [86]. FLUKA’s
combinatorial geometry package allows users to convert [DICOM] files into voxel geometry,
giving the possibility to edit the geometry or assign materials from built-in libraries,
including those from the and 4]. Further developments of Flair have
incorporated several other features that aim to facilitate the use of FLUKA in the clinical
workflow. These features, often collectively referred to as "The Particle Therapy Tool"

[3], can process dedicated [DICOM]| radiation therapy data as described in the [DICOM
Radiation Therapy (RT) standard, including the Radiation Therapy Structure module

(RTSTRUCT]), the Radiation Therapy Dose module (RTDOSE), and the Radiation
Therapy Plan module (RTPLAN)) [87, 4, 6]. The contents and functions of these modules

are described below:

e The Radiation Therapy Structure Module contains the information
necessary to transfer patient structures and related data defined on [CT] scanners,
virtual simulation workstations, and treatment planning systems [60]. It contains
both regions of interest and points of interest such as dose reference points. During
simulation, the can be used to calculate Dose Volume Histograms or
to perform special scoring on an organ-specific basis [4].

e The RT Dose Module is designed to store and transfer dose data
generated by treatment planning systems , whether for single or multiple
beams [60]. This data, stored as files, can be converted into a FLUKA
USRBIN, which is a 3D scoring grid used within FLUKA simulations. Once the
[RTDOSE] data is converted to a FLUKA USRBIN, it can be utilized for plotting
and comparing dose distributions [4].
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e The Radiation Therapy Plan module contains the information on the
treatment plans generated by the treatment planning system such as geometric
and dosimetric data specifying the course of an external beam, including beam
angles, collimator apertures, beam modifiers, and source specifications. It typically
references the RT Structure module to define a coordinate system and a set of
patient structures |60]. FLUKA is capable of processing the module into
a set of input cards that define the beam spots according to the plan. Each beam
spot is characterized by a set of parameters and grouped into a beam sequence
where they are enumerated by control points. The control point checklist contains
several pieces of information, such as particle energy, scan spot position and number
of monitor units. In addition, the particle type, the isocenter position according to
the [DICOM] file and the angles of the gantry, the patient and the table are defined
for each beam sequence [4].

5.1.2. RayStation

The RayStation treatment planning system is a software platform developed, sold
and maintained by the Swedish company RaySearch Laboratories AB. It is specifically
designed for radiotherapy treatment planning and is capable of supporting multiple
therapy modalities such as carbon, helium and proton therapy [64]. In the context of
proton therapy, it facilitates the planning and optimization of proton beam plans by
allowing the import of patient-specific[DICOM] files, the definition of Target Volumes and
Organs At Risk (which are described in Chapter and provides a delivery plan based
on clinical and machine specifications, taking into account the patient’s anatomy, the
beam model and the delivery system [88] 64]. Several algorithms have been developed
to meet the requirements of different delivery systems, such as Pencil Beam Scanning
, Single Scattering , etc. Relevant for this work is the technique, which
achieves a three-dimensional dose distribution by scanning over one layer of the target
surface and delivering mono-energetic proton beams with a certain weight. After finishing
with that plane, the energy is changed to cover the next area, repeating the process until
the entire volume has been irradiated with the prescribed dose. RayStation implements
the following physical models and assumptions as a basis for the dose calculations in the
context of the Pencil Beam Scanning and Monte Carlo algorithms. These assumptions
are taken from [88§].

e Electronic Stopping Power: The stopping power model is based on the Bethe-
Bloch formula omitting the shell C' and density p correction terms discussed in

sections .41l and B.1.11

e Energy Loss Fluctuations: The energy loss fluctuations are calculated using the
Bohr expression, which assumes a Gaussian distribution of energy loss after passing
through a plate of thickness Az.

e Multiple Coulomb Scattering: The lateral spread of the beam caused by multiple
Coulomb scattering is treated in the framework of Fermi-Eyges theory. It can only
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handle Gaussian distributions and also neglects lateral inhomogeneities.

e Nuclear Interaction Models: The Pencil Beam Scanning algorithm represents
nuclear interactions by a second lateral Gaussian distribution, which is described by
the width ™5 and relative weights wNS of the nuclear scattering Gaussian. These
parameters are given as a function of the initial energy and the depth in water zy.
This method is implemented because of the lack of solutions for calculating nuclear
scattering effects. However, it underestimates the lateral spread of the nuclear
scattering, which can lead to an overestimation of the dose level, especially at lower
depths and in small to medium fields.

5.2. Parameter Adaptation and Verification

The following sections provide a detailed explanation of the processes involved in adjusting
the mass density p to Hounsfield unit calibration curves, as well as validating them using
[CT] scans from two phantoms. The steps of this process follow the workflow:

Calibration Treatment plan : . Pla_n
curve a — Plan exportation — importation and —
. generation . o
adaptation input definition

Dose

. — Comparison
recalculation

Figure 5.1.: Workflow for adapting the calibration curve to a FLUKA-compatible file.

These steps were repeated for each one of the three calibration curves analyzed in this
thesis Adult Head, Pediatric Head and Pediatric Abdomen. The results of
the comparisons are presented in Chapter [6.2

5.2.1. Calibration Curve

As mentioned in Chapter [{.1.1] the mapping between mass density p and Hounsfield units
(HU) represents a fundamental aspect of computed tomography . It establishes a
direct relation that enables the conversion of tissue composition into numerical values.
This conversion facilitates the accurate representation of anatomical structures and
pathological findings in medical imaging, which serve as the basis for radiation therapy
plans and dose calculations. The [CT| number depends on the attenuation properties of
a medium, as well as on a variety of other factors, including the beam energy, the tube
voltage, the field of view , the scattering conditions, and manufacturer-specific
reconstruction algorithms [89]. As a result, the number of a given tissue is not
constant but rather scanner- and study-dependent [68].

At MedAustron, the dependence of [CT] numbers on [CT| parameters used for image
acquisition is accounted for by defining several scanning protocols that result in six
different calibration curves for the [CT] scanner. The available protocols include those for
the adult head, adult head and neck, adult abdomen, pediatric head, pediatric abdomen,
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and pediatric infant body. The scope of this thesis is limited to the adaptation of the
following curves: Adult Head, Pediatric Head and Pediatric Abdomen.
These calibration curves are provided in Table

Adult Pediatric Pediatric
Head Abdomen Head
Material Density p | CT Number | CT Number | CT Number
(g/cm®) |  (HU) (HU) (HU)
Air 0.001214 -995.64 -979.76 -996.08
Lung IN 0.195 -820.69 -808.61 -821.17
Lung EX 0.51 -502.75 -499.69 -503.04
Adipose 0.96 -63.52 -65.24 -62.71
Breast 0.991 -37.25 -42.17 -36.68
Water 1 4.43 -4.64 4.01
Liver 1.072 48.62 38.22 49.89
Muscle 1.062 51.31 41.79 51.29
Bone200 1.161 204.33 220.17 204.48
Bone800 1.53 910.73 870.65 910.94
Bonel250 1.82 1364.34 1286.55 1365.51
Al 2.8 2972 2972 2972
CT MAX 7.6519 3070 3070
CT MAX 11.163 3070

Table 5.1.: MedAustron mass density p to Hounsfield unit calibration curves for adult
head, pediatric head, and pediatric abdomen. The density of the various
materials is mapped to a specific [C_T] number for each of the calibration curves.

Table lists the mass density p of the phantom materials and their corresponding
[CT] numbers at specified settings. Two distinct maximum [CT| values are presented in the
table to address the potential use of implant materials in specific regions of the body. The
specific parameters utilized to construct each calibration curve can be found in Appendix

A1

In the FLUKA code, the conversion of numbers into mass density p and elemental
composition is conducted as the first preparatory step, in which the patient data is
initially processed and transformed into voxel geometry by dividing the scans into a
number of [HU] intervals corresponding to a set of material and compound tables defined
in FLUKA [90]. The elemental composition and nominal mean density (i.e. the density
corresponding to the value at the center of the interval considered) of these materials
are taken from the work of Schneider [91], in which 71 human tissues in the range
between -1000 and 1600 were investigated [90]. Table displays the structure and
information contained in the FLUKA material tables, using as an example the material

defined for numbers between 400 [HU] and 499 [HT] .
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Material properties
Name: |HU| >500
Density: 1.282808
Composition: Mass
Z Atom | Element Name Frac
1 H Hydrogen | 0.076
6 C Carbon 0.361
7 N Nitrogen 0.03
8 O Oxygen 0.38
11 Na Sodium 0.001
15 P Phosphorus | 0.047
16 S Sulfur 0.002
17 Cl Chlorine 0.001
12 Mg Magnesium | 0.001
20 Ca Calcium 0.101

Table 5.2.: Example of material tables used in the FLUKA code. These tables contain the
name and density of the material, as well as its elemental composition. For
materials, the density corresponds to the nominal density at the center of
the range, which is between 400 and 499 HU.

The mass density p to [HU| calibration curves can be added to the configuration of the
simulations by means of a configurable material file, which allows the implementation
of density correction factors C, to account for possible differences. Since FLUKA has
a wider range of materials compared to the ones used for the MedAustron calibration
curves (see Table , it was necessary to interpolate the densities to cover the missing
ranges. To achieve this, the approach used by Schneider [91] was implemented, where
the materials of the calibration curve are categorized as air, lung soft tissue, skeletal
tissue, and [CT] maximum. Within each category, a linear regression was performed, and
the resulting equations were utilized to calculate the density p of the remaining regions.

Then, the density correction factors C, for the upper and lower limit of each range
were determined based on the ratio between the nominal mean densities in the FLUKA
material library ppruka, and the corresponding densities from the interpolate calibration
curve for the same regions pna,, as described in the following equation [5.7}

c, = MA (5.7)
PFLUKA,;

The process was repeated for the selected calibration curves, and a material file was
prepared for each curve to be imported into FLUKA. An example of the material files,
which contains the correction factors, material names, and upper and lower limits for

each range, can be found in the Appendix
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5.2.2. Calibration Curve Verification

A [CT] of a phantom containing six different insert materials with known stopping powers
and densities (water, acrylic, Teflon, Lexan, polyethylene, and nylon) was initially used
to verify the recalculation of the calibration curves in the material file. The [CT]scan was
conducted using a Phillips [CT]scanner and then imported into the RayStation treatment
planning system by the MedAustron team for quality assurance measurements. Figure
depicts the phantom with its various regions of interest.

Water
. Nylon

Polyethylen€

Teflon

@ Acrylic
Lexan

Figure 5.2.: A scan of a phantom comprising six materials of known density(water,
acrylic, Teflon, Lexan, polyethylene, and nylon). The green rectangle delin-
eating the outer boundary represents the external |1T‘_@I| .

The treatment plans for each material were created using the RayStation treatment
planning system with the Pencil Beam Scanner technique (described in Section only
for the Adult Head calibration curve. A plan isocenter was specified at the center
of each material. Since the [CT]scan of the phantom only consisted of four 3 mm-thick
slices, it was insufficient to entirely stop the beam for any of the available energies, which
range from 62.4 MeV to 252.7 MeV. Therefore, a region of interest overwritten
with water was defined behind the patient using the patient modeling window of the [TPS]
Figure [5.3] shows the phantom including the aforementioned water structure.
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Figure 5.3.: Lateral view of the phantom with the overwritten water structure delineated
by the external ROI| . The polyethylene and Lexan sample contours are
indicated by the two green rectangles in the phantom.

In RayStation, the dose calculation region is limited to the intersection of the dose grid
and the region consisting of dose calculation [ROI. In this case, the dose calculation [ROIk
are limited to the external and no dose is calculated outside the dose calculation
region. [ROJ| algebra was used to include the water structure in the dose calculation region
by adding the original external contour, defined as the phantom outline, to the water
structure using the predefined [ROJ| algebra tool. The dose grid resolution has a minimum
value of 1 mm, which was used for all final dose computations. The plans were optimized
for the delivery of a 2 Gy physical dose to the selected target. This resulted in the delivery
of a set of beams with varying energies and weighting factors, which covered the entire
volume. As the objective was not to uniformly irradiate the target volume in accordance
with standard clinical practice, but rather to compare the dose distribution of [TPS| and
FLUKA, a single spot of 97.4 MeV was selected and all other spots were manually deleted.
Additionally, a number of particles equal to 3000 x 10% were introduced to compensate for
the dose. The final dose computations were performed with the RayStation Monte Carlo
algorithm, with an average statistical uncertainty of less than 0.5% for voxels with a dose
higher than 50% of the maximum dose. The optimization was performed only for the
initial plan, i.e., the nylon sample. All further plans were derived from this primary plan
by recalculating the final dose after moving the isocenter to the target of the subsequent
material with the objective of maintaining a constant plan configuration. All plans were

saved and exported as files.

5.2.3. Dose Recalculation

To set up the simulations, a default Flair voxel input file was created. This file includes
optimized physics settings and input cards tailored to medical applications. Specifically
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for particle therapy, the "HADROTHErapy" default is optimized with the following
specifications [48, 92| to achieve results comparable to those of commercial

e The electromagnetic module is used for the transport of electrons, positrons, and
photons.

e Inelastic form factor corrections for Compton scattering and Compton profiles are
enabled. ’

o Low-energy neutron transport down to thermal energies is included.
e Fully analogue absorption for low-energy neutrons is implemented.

e The particle transport threshold is set at 100 keV, except for neutrons (1 x 107°
eV) and (anti-)neutrinos (0, but they are discarded by default anyway).

e Multiple scattering threshold is set at the minimum allowed energy for both primary
and secondary charged particles.

e Delta ray production is turned on with a threshold of 100 keV.

o Restricted ionization fluctuations are activated for both hadrons/muons and EM
particles.

e The tabulation ratio for hadron/muon dp/dx is set at 1.03, and the fraction of
kinetic energy to be lost in a step is set at 0.02.

Following the preparation of the basic input file, the DICOM] files were imported into
FLUKA using the Particle Therapy Tool as described in Section [5.1.1] This tool can
automatically convert [CT]slices into FLUKA’s combinatorial geometry by generating a
voxel file. The file combines the [CT| data with a predefined material file based on the
Adult Head calibration curve to accurately represent different tissues and materials.
It achieves this by dividing the [CT]into voxels and grouping these voxels together into
"organs" or groups of voxels made of the same tissue. The water structure was manually
specified according to the standard FLUKA procedure, which consists of the definition
of three primary input cards: the BODY card, which defines the dimensions, shape and
spatial position of the geometry elements; the REGION card, which defines the spatial
boundaries by combining these geometry elements through mathematical operations; and
the ASSIGNMA card, which assigns the corresponding material properties to the defined
regions. The obtained FLUKA combinatorial geometry is shown in Figure [5.4]
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Figure 5.4.: Comparison of images of phantom and the phantom converted to FLUKA
combinatorial geometry. The FLUKA combinatorial geometry of the phantom
includes a dose distribution in the nylon input.

To collect the dose within the phantom, a USRBIN card was also created by extracting
the necessary information from the [RTDOSE| module within the [TPS|[DICOM] data.
FLUKA’s USRBIN card creates a grid over the simulation area and measures the energy
deposited into each grid element. In addition, the dose distribution obtained from [TPS]
was converted into a FLUKA USRBIN to facilitate direct comparison. It is important to
note that FLUKA allows the evaluation of dose as dose-to-medium and dose-to-water.
The second option was chosen to enable direct comparison of the results. The Particle
Therapy Tool also processes the information contained in the RTPLAN] module to extract
source and beam parameters, including position and directional data, from the [DICOM]
files and automatically creates the corresponding input cards. FLUKA allows the beam
model definition to be included in the RTPLAN] panel, but this was not implemented
at this stage of the work. After adding the source and beam data to the FLUKA input,
manual adjustments were made to correct the energy.

Nominal energy (MeV) | Rgo Energy (MeV)
62.40 58.98
72.40 69.29
81.30 78.37
97.40 94.71
111.50 109.06
124.70 122.26

Table 5.3.: Nominal and corresponding Rgg energies established at the commissioning of
the facility for the lower energy range.

42



5.2. Parameter Adaptation and Verification

In Table [5.3] the nominal energy for the spot beam is the energy that the beam has
before passing through the nozzle and the air in the room. The Rgy energy defined in
TPS corresponds to the energy of the pre-calculated monoenergetic pristine Bragg peak,
which gives the same range as the depth dose curve generated from the corresponding
energy histogram. This is the energy used as an input parameter in the FLUKA simu-
lations, meaning that while an energy of 97.40 MeV was selected in TPS, FLUKA was
configured with an energy of 94.71 MeV. The simulations were performed with 100,000
primaries over 5 cycles, and repeated for different materials in the phantom. The results
were normalized by multiplying the dose with the number of particles specified in the
which is 3000 x 10%, as mentioned above in Section and plotted along the
z-axis to obtain the depth dose distribution. To analyze the effect of implementing the
calibration curve on the results, each simulation was run again using the example material
file provided by the FLUKA developers, which is based on the materials analyzed by
Schneider [91], as discussed in section All other parameters were remaining the same
as for the simulations using the material file based on the Adult Head calibration
curve. To extract the range of the proton beam for each of the materials, a simple Python
script was written and the output was compared to the range extracted from the graph.
The results of these simulations and their ranges in water can be found in the Chapter[6.1}
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5.3. Dose Distribution Comparison

Muscle Bone200 i Water structure -

Adipose Bone800
LungEx ® Lungn
Bone1250

Liver

Breast

Figure 5.5.: CT scan of a phantom, highlighting the different tissue-equivalent materials.
Also shown in this image is the fictive water structure defined in TPS (outlined
in blue) and the outer contour (outlined in green).

The dose distribution verification plans for all three calibration curves were made using a
different phantom than the one described in Section The phantom contains inserts
composed of different tissue-equivalent materials, that closely resemble the density and
elemental composition of human tissue. These materials are commonly used for dosimetric
and quality assurance (QA)) measurements and were used to create the calibration curves.
The inserts include tissue-equivalent materials for muscle, adipose tissue, lung tissues for
inhalation and exhalation, breast tissue, liver, and bones with varying densities (Bone200,
Bone800, and Bonel250), as shown in Figure The CT of the phantom consists of 16
slices, each 3 mm thick, which makes it more suitable for completely stopping the particle
beam. However, to account for the low density of the lung inhalation and exhalation
inserts, a water structure was also added directly behind the phantom in the RayStation
patient modeling panel. To include the water structure in the dose calculation region, the
water structure was merged with the external region of interest using algebra,
which caused parts of the external to extend beyond the top of the image stack
where no material override was defined, but still within the external grid, preventing dose
calculation. To solve this issue, the top slice of the phantom had to be removed from the
external [RO]| to allow for dose calculation. This problem and its solution are illustrated
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in Figure [5.6] and Figure [5.7]

Figure 5.6.: Side view of the phantom including the water structure (defined by the blue
outline) and the extended external (defined by the green outline). Note
that the external [RO]] extends beyond the image stack in the upper part of
the image, as indicated by the white arrow.

Figure 5.7.: Lateral view of the phantom including the water structure and the extended
external [RO]] after deleting the first slice of the external contour. Note that
the extended external [RO]| fits within the image stack as indicated by the
white arrow.

The plans were developed following the general procedure described in section [5.2.2
with some modifications. Initially, the desired calibration curve was selected. After
modeling the phantom and adding the water structure and external [RO]| which remained
consistent for all plans, the dose grid was configured. A prescription of a median dose
(D50%) of 2 Gy to the selected was chosen. The beam was defined by selecting the
isocenter at the center of the desired [ROI} and the machine and phantom angles were set
to 90° and 270°, respectively, to achieve a frontal irradiation of the [ROIl

The plan optimization was performed using the Pencil Beam Scanning technique,
which delivered a set of beams with varying energies and weighting factors to cover the
entire volume. To select the appropriate energy for the monoenergetic beam, a test was
conducted. All spots except one were deleted, and the final dose was calculated using
the RayStation Monte Carlo algorithm for the following energies: 62.4 MeV, 72.4 MeV,
81.3MeV, and 97.4MeV. This was done using the Adult Head calibration curve for
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the Muscle [ROI] The plans were then exported and imported into FLUKA as described
in previous sections. The energy E = 62.4 MeV was chosen for planning and simulations
since the low energy allowed most of the interaction to take place inside the phantom
rather than in the water structure, as would be the case at higher energies. A number
of particles equal to 1000x10° was used, corresponding to a maximum dose of 2 Gy in
the volume and 0.45 Gy to 50% of the volume. It should be noted that this does not
correspond to the prescribed dose, which was 2 Gy to 50% of the volume, as the additional
energy layers provided by the optimization process have been removed in order to achieve
a monoenergetic beam. The Dose-Volume-Histogram for the described plan is
shown in Figure 5.8 For each calibration curve, the muscle plan was configured and
optimized as previously described. Subsequently, the following plans were created by
shifting the isocenter to the corresponding [ROI] and selecting the dose grid, with the
optimization process not being repeated. Instead, only the final dose calculations were
performed, maintaining the same energy and number of particles. It is worth noting that
although the phantom has two inserts of each tissue-equivalent material, due to time
constraints, only one plan, and thus only one set of simulations, was performed for each
tissue-equivalent material.

100 »

Valurme [%]

0 —
10 15 20 25
Plsn dose (RBE): C301_Muscle? (Reference CTHU to mass density [yesrly)) [Gy [RBE)]

Figure 5.8.: Dose-Volume-Histogram of the muscle for a 62.4 MeV proton beam with
a number of particles equal to 1000x10°. The line above the x-axis border
represents the External ROI.

Each plan was exported from [TPS| and imported into FLUKA following the procedure
described in section Prior to the conversion of the [CT] images into the FLUKA
combinatorial geometry, the first slice was removed to compensate for the delineation of
the external [RO]] within the image stack that was performed in the [TPS| The nominal
energy was corrected to account for the missing beam model and nozzle by setting it
to 58.98 MeV (see Table . Simulations were performed with 100,000 primaries over
5 cycles and scored in 506mm x 506mm x 158mm volume. The dose was integrated
from the whole scored field in x-y plane and plotted with resolution of 1 mm along the
z-axis and normalized by multiplying the dose by the number of particles. Since the
physical dose and not the biological dose was exported from [TPS] it was not necessary
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to multiply the dose by the Relative Biological Effectiveness factor RBE = 1.1. Finally,
the normalized dose was divided by the maximum dose to display the relative dose. The

plotted distributions were then compared to the dose distributions exported from the
[TPS] The results can be found in Chapter

5.4. Beam Model Influence

A beam model file prepared by the project coordinator was used to assign the effect of
the beam model implementation on the range and overall shape of the Bragg curve. The
beam model file includes details such as nominal beam energy, angular dispersion on
the horizontal and vertical planes, and spatial beam spread as the Full Width at Half
Maximum . In addition to the beam model file, the adaptation of the nozzle to
the FLUKA combinatorial geometry was necessary to obtain the expected results. The
beam model verification process was performed as described above.

AirGag

1. L)

Figure 5.9.: FLUKA combinatorial geometry of the phantom, including the water structure
and the nozzle.

The plan used as a basis was the muscle plan of the Pediatric Head, which was
already used for validation of the calibration curve of the Pediatric Head. The
configuration of the FLUKA input file was carried out as described in the other sections,
with the exception that the beam model was added to the simulation in the RTPLAN]
panel of the Particle Therapy Tool. To include the nozzle geometry, the input file prepared
by the project coordinator was merged into the muscle plan input file. This input file
contained the geometry cards that defined the structures that compose the nozzle. Figure
illustrates the phantom including the nozzle. Since the simulation included the nozzle
and beam model, it was not necessary to manually override the beam energy as in previous
simulations. The run consisted of 100,000 primaries over 5 cycles. The results were plotted,
normalized, and compared to the depth dose distributions from the [TPS| as well as to the
one obtained by manually adjusting the energy. The results can be found in Section [6.3
In addition, the input file used for this simulation can be found in Appendix
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6.1. Calibration Curve Adaptation

For the interpolation of the Adult Head calibration curve, the materials were divided
into several ranges as suggested by Schneider |91|, as shown in Fig

Mass density versus CT number of the MA/Adult Head calibration

curve
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Figure 6.1.: Mass density versus CT number for the Adult Head Calibration Curve.
The plot shows the data separated into different regions. The blue markers
correspond to lung tissue, the orange markers correspond to soft tissue, the
gray markers correspond to skeletal tissue, and the yellow markers correspond
to the CT maximum. In addition, the linear interpolation functions are
displayed.

The interpolation functions used to fit the soft tissues are obtained by taking the data
from adipose, breast, water, liver, and muscle equivalent tissues with HU in the range of
-63.52 HU to 51.31 HU, and obtaining the linear regression equation given in

P Soft tissue = 0.0009 x HU + 1.0163 (6.1)

The data points from Bone200, Bone800 and Bonel250 with CT numbers ranging from
204.3HU to 1364.4 HU are used to calculate the linear regression equation, which is given

by (6.2)

P Skeletal tissue — 0.0006 x HU 4 1.0133 (62)
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For the lung and the CT maximum ranges, only two points were available for use. In
the case of the lung tissue, the data points corresponding to LungEx and Lungln with
Hounsfield units of -820.69 HU and -502.75 HU give the following linear regression:

P Lung = 0.001 x HU + 1.0081 (6.3)

The data points of the aluminum and CT maximum were taken to define the upper
limit, resulting equation (6.4)).

P Max = 0.0853 x HU — 250.82 (6.4)

The lower limit, corresponding to air, was set as a constant at p = 0.001214 g/ cm®. The
density was calculated using the respective linear regression equations. is compared to the
actual density of the materials in Table The absolute and relative deviation between
the physical and calculated values are also included in the table.

Material Density | Calculated Density | Deviation | Deviation
(g/cm?) (g/cm?) (g/cm?) (%)
Air 1.21 x 1073 1.21 x 1073 0.00 0.00
Lungln 0.195 0.187 7.59 x 1073 3.89
LungEx 0.510 0.505 4.64 x 1073 0.91
Adipose 0.960 0.959 8.65 x 10~* 0.090
Breast 0.991 0.983 8.23 x 1073 0.83
Water 1.00 1.02 —2.03 x 1072 2.03
Liver 1.07 1.06 1.19 x 1072 1.11
Muscle 1.0620 1.0625 —4.78 x 10~* 0.04
Bone200 1.16 1.14 2.51 x 1072 2.16
Boneg00 1.53 1.56 —2.97 x 1072 1.94
Bonel250 1.82 1.83 —1.19 x 1072 0.65
Al 2.80 2.79 3.50 x 1073 0.12
CT MAX 11.163 11.051 0.112 1.00

Table 6.1.: Adult Head calibration curve materials and their physical densities com-
pared to the densities calculated for the same materials using the respective
linear regression equations.

The linear regression equations for the ranges of lung, soft tissue, skeletal, and CT
maximum were used to calculate the density of the maximum and minimum CT numbers
for each HU material determined in FLUKA. By employing these values, correction
factors between the two curves were determined according to the process outlined in
Section using Equation The resulting correction factors were organized in the
appropriate material file format, located in Appendix and incorporated into FLUKA
as detailed in Chapter to simulate the Bragg curve of a 97.4 MeV proton beam in
the materials of the phantom of known densities depicted in Figure Additionally, for
comparison purposes, a material file provided by the FLUKA developers and based on
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the work of Schneider, referred to as the Schneider calibration curve in this study, was
also utilized for the simulations in each material. The Bragg curve of the proton beam in
acrylic was directly exported from [TPS| and compared to the FLUKA simulations using
the Adult Head calibration curve and the Schneider calibration curve, as shown in

Figure [6.2]

97.4 MeV beam pristine Bragg peak in acrylic
100
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FLUKA Acrylic MA/Adult head &
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Figure 6.2.: Bragg curve of a 97.4 MeV proton beam in acrylic, indicating its range at
80% of the maximum dose. The blue curve represents the dose distribution
calculated in the and contained in the RTDOSE module of the DICOM
file. Additionally, the solid and scattered orange lines depict the depth

dose distribution of the beam in acrylic using the Adult Head and the
Schneider calibration curve as a basis for the voxel geometry.

Material Curve Range (cm)
TPS Adult Head 6.85 £ 0.05

Acrylic | FLUKA MA/Adult Head | 6.84 £ 0.05
Schneider 6.90 £+ 0.05

Difference TPS/MA 0.01 £ 0.07
Difference TPS/Schneider 0.05 £+ 0.07

Table 6.2.: Ranges and range differences for acrylic from the TPS and FLUKA curves.
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6. Results

The error in the ranges is derived from the resolution of the dose grid, while the error in
the difference is calculated using error propagation. Additionally, the difference between
the two curves is always given as an absolute value. Table lists the ranges at 80% of
the maximum dose for each of the three curves, as well as the difference in range between
the range of the TPS curve and the range of the two curves simulated with FLUKA.
Figure shows the Bragg curves for the 97.4 MeV proton beam in nylon for the TPS,
MA /Adult Head and Schneider calibration curves, while Table lists the ranges of

these curves.

100

97.4 MeV beam pristine Bragg peak in nylon

TPS Nylon —
FLUKA Nylon MA/Adult head
FLUKA Nylon Schneider

Dose (%)

TPS Nylon Range(80) = 6.867 cm
FLUKA Nylon MA/Adult head R(80) = 6.897 cm
FLUKA Nylon Schneider R(80) = 6.915 cm

et

o 1 P 3 4 5
Depth (cm)

Figure 6.3.: Bragg curve of a 97.4 MeV proton beam in nylon, showing its 80% range of
the maximum dose. The blue curve represents the [TPS| dose distribution. In
addition, the solid and scattered orange lines show the Adult Head and
the Schneider depth dose distribution of the beam, respectively.

Material Curve

Range (cm)

TPS Adult Head

6.87 £ 0.05

Nylon FLUKA MA /Adult Head

6.90 £ 0.05

Schneider

6.92 £ 0.05

Difference TPS/MA

0.03 £ 0.07

Difference TPS/Schneider

0.05 £ 0.07

Table 6.3.: Ranges and range differences for nylon from the TPS and FLUKA curves.
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6.1. Calibration Curve Adaptation

The Bragg curves for the 97.4 MeV proton beam in Lexan are depicted in Figure [6.4]
Table summarizes the 80% range values for the Lexan material for the TPS Adult
Head, FLUKA MA /Adult Head, and FLUKA Schneider calibration curves.

97.4 MeV beam pristine Bragg peak in Lexan
100

‘i’PS Lexan —

FLUKA Lexan MA/Adult Head
FLUKA Lexan Schneider

TPS Lexan R(80) = 6.87 cm

FLUKA Lexan MA/Adult head R(80) = 6.89 cm }
10 {FLUKA Lexan Schneider R(80) = 6.91 cm
0 - 1 L 1 1 I 1 1 "’"A.
0 1 2 3 4 5 6 7 8
Depth (cm)

Figure 6.4.: Bragg curve of a 97.4 MeV proton beam in Lexan, displaying its range at
80% of the maximum dose. The blue curve represents the dose distribution
calculated in the TPS, while the solid and scattered orange lines show the
depth dose distribution using the Adult Head and the Schneider calibra-

tion curve.
Material Curve Range (cm)
TPS Adult Head 6.87 £ 0.05
Lexan FLUKA MA/Adult Head | 6.89 £ 0.05
Schneider 6.91 £+ 0.05
Difference TPS/MA 0.02 £ 0.07
Difference TPS/Schneider 0.04 £+ 0.07

Table 6.4.: Ranges and range differences for Lexan from the TPS and FLUKA curves.

The range of the Bragg peak in Teflon for the TPS, MA /Adult Head and Schneider
calibration curves as well as their differences are given in Table Graph displays
two distinct peaks. The smaller peak can be attributed to the fact that the beam was
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6. Results

not centered on the target material when the plan was edited, as detailed in Section
[5:2.2] This resulted in a portion of the beam being deposited on the surrounding water-
equivalent material, as depicted in Figure [6.6] The left image shows the dose distribution,
with contour lines representing different dose levels, while the right image highlights the
location of the maximum dose within the target area, displaying the misalignment of the
beam.

97.4 MeV beam pristine Bragg peak in Teflon
100

TPS Teflon ——
FLUKA Teflon MA/Adult head
FLUKA Teflon Schneider

80

20

TPS Teflon R(80) = 6.287 cm
FLUKA Teflon MA/Adult head R(80) = 6.169 cm
FLUKA Teflon Schneider R(80) = 6.177 cm

% 1 2 3 4 5
Depth (cm)

Figure 6.5.: Bragg curve in Teflon with the curve in blue and the FLUKA Adult
Head and the Schneider calibration curves in orange.

Figure 6.6.: Dose distribution (left) and single spot (right) of the 97.4 MeV monoenergetic
proton beam for the Teflon plan.
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6.1. Calibration Curve Adaptation

Material Curve Range (cm)
TPS Adult Head 6.29 £ 0.05

Teflon | FLUKA MA/Adult Head | 6.17 &+ 0.05
FLUKA Schneider 6.18 £ 0.05

Difference TPS/MA 0.12 £ 0.07
Difference TPS/Schneider 0.11 + 0.07

Table 6.5.: Ranges and range differences for Teflon from the TPS and FLUKA curves.

Finally, the Bragg curves for the 97.4 MeV proton beam in polyethylene for the TPS,
MA /Adult Head and Schneider calibration curves are depicted in Figure Table

summarizes the ranges.

97.4 MeV beam pristine Bragg peak in Polyethylene

TPS Polyethylene ———
100 FLUKA Polyethylene MA/Adult Head
FLUKA Polyethylene Schneider

Dose (%)

TPS Polyethylene R(80) = 7.040 cm
FLUKA Polyethylene MA/Adult head R(80) = 7.091 cm
FLUKA Polyethylene Schneider R(80) = 7.090 cm \

0 1 2 3 4 5 6 7 8
Depth (cm)

Figure 6.7.: Bragg curve of proton beam in polyethylene. The curve is given in blue,
while the solid and scattered orange correspond to the Adult Head and
Schneider curves.

Material Curve Range (cm)
TPS Adult Head 7.04 + 0.05

Polyethylene | FLUKA MA /Adult Head | 7.09 &+ 0.05
FLUKA Schneider 7.09 + 0.05

Difference TPS/MA 0.05 £ 0.07
Difference TPS/Schneider 0.05 £ 0.07

Table 6.6.: Ranges and range differences for polyethylene from the TPS and FLUKA
curves.
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6. Results

6.2. Calibration Curve Comparison

6.2.1. Adult Head

The Bragg peaks for the materials in the tissue-equivalent phantom were calculated
with [TPS] and simulated in FLUKA using the material file previously prepared and
implemented for the range calculations of the phantom with material inputs of known
density. A comparison between the range from FLUKA and [TPS|is shown in the following
plots, where the curve is displayed in purple and the FLUKA Adult Head curve

is displayed in green.

Bragg peak of a 62.4 MeV proton beam in muscle equivalent tissue

Bragg peak of a 62.4 MeV proton beam in adipose tissue equivalent

TPS Muscle
100 FLUKA Muscle MA/Adult Head ——

100 FLUKA Adipose MA/Adult Head ———

TPS Adipose

%3 1 15

2
Denth (%)

Figure 6.8.: Bragg curve of 62.4 MeV

3 35 o

proton beam in muscle
equivalent material ob-
tained for the calibration
curve Adult Head.

The Bragg peaks for the muscle and adipose tissue equivalent materials shown in
Figures and The ranges at 80% of the maximum dose for these materials are

given in Table

1 15

2 25 3 35 2
Depth (%)

Figure 6.9.: Bragg curve of 62.4

MeV proton beam in
adipose tissue-equivalent
for the calibration curve

Adult Head.

Material Curve Range (cm)
TPS Adult Head 2.79 + 0.05

Muscle | FLUKA Adult Head | 2.77 + 0.05
Difference 0.02 £ 0.07

TPS Adult Head 2.92 + 0.05

Adipose | FLUKA Adult Head | 2.87 4+ 0.05
Difference 0.05 £ 0.07

Table 6.7.: Ranges and range differences for the muscle and adipose equivalent materials

from the TPS and MA /Adult Head calibration curves.
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Bragg peak of a 62.4 MeV proton beam in liver equivalent material

TPS Liver ——
100 FLUKA Liver Adult Head ——

35

2.5
Denth (cm)

Figure 6.10.: Bragg curve of 62.4 MeV
proton beam in liver
equivalent material for
the calibration curve

Adult Head.

6.2. Calibration Curve Comparison

Bragg peak of a 62.4 MeV proton beam in breast equivalent tissue

100

TPS Breast ——
FLUKA Breast Adult Head ———

15 2
Depth (cm)

Figure 6.11.: Bragg curve of 62.4 MeV

proton beam in breast
equivalent material for
the calibration curve

Adult Head.

The ranges at 80% of the maximum dose for the liver and breast equivalent materials
(Figures and [6.11]) are given in Table Furthermore, the ranges for the Lungln
and LungEx materials (Figures and [6.13]) are given in Table

Bragg peak of a 62.4 MeV proton beam in Lungin

TPS Lungln ——
100 FLUKA Lungin Adult Head ——

//

3
Depth (cm)

Figure 6.12.: Bragg curve of 62.4 MeV
proton beam in inhaling
lung equivalent material
(LungIn) for the calib-
ration curve [MA]/Adult
Head.

Bragg peak of a 62.4 MeV proton beam in LungEx

100

TPS LungEx ———
FLUKA LungEx Adult Head —

2 3
Depth (cm)

Figure 6.13.: Bragg curve of 62.4 MeV

proton beam in exhaling
lung equivalent material
(LungEx) for the calib-
ration curve Adult
Head.
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6. Results

Material Curve Range (cm)
TPS Adult Head 2.85 £ 0.05
Liver FLUKA Adult Head | 2.87 4+ 0.05

Difference 0.02 £+ 0.07
TPS Adult Head 2.88 4+ 0.05
Breast FLUKA Adult Head | 2.96 4 0.05
Difference 0.08 £+ 0.07

Table 6.8.: Ranges and range differences for the liver and breast equivalent materials from
the TPS and MA /Adult Head calibration curves.

Material Curve Range (cm)
TPS Adult Head | 4.57 + 0.05
LungEx | MA/Adult Head | 4.68 £ 0.05
Difference 0.11 £ 0.07
TPS Adult Head | 5.67 £ 0.05
Lungln | MA/Adult Head | 5.87 + 0.05
Difference 0.2 £0.07

Table 6.9.: Ranges and range differences for the LungEx and Lungln equivalent materials
from the TPS and MA/Adult Head calibration curves.

Bragg peak of a 62.4 MeV proton beam in bone200 Bragg peak of a 62.4 MeV proton beam in Bone800

TPS Bone200 ——
100 FLUKA Bone200 Adult Head —

80

20

0
25 3 35 0 05 B

15 2
0 0.5 1 Pepth (%)

1.5 2
Denth (cm)

Figure 6.14.: Bragg curve of 62.4 MeV Figure 6.15.: Bragg curve of 62.4 MeV

proton beam in Bone200 proton beam in Bone800
obtained for the calib- obtained for the calib-
ration curve Adult ration curve Adult
Head. Head.
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6.2. Calibration Curve Comparison

Bragg peak of a 62.4 MeV proton beam in bonel250

TPS Bonel250 ——
FLUKA Bone1250 Adult Head ——

Figure 6.16.: Bragg curve for a 62.4 MeV proton beam in Bonel250 material, obtained

0.5 1 2

15
Denth (cm)

2.5

for the calibration curve Adult Head.

Finally, the ranges for the Bone200, Bone800 and Bonel250 materials (Figures

and and [6.16]) are given in Table

Material Curve Range (cm)
TPS Adult Head 2.67 £ 0.05

Bone200 | FLUKA Adult Head 2.58 4+ 0.05
Difference 0.09 4+ 0.07

TPS Adult Head 2.21 £ 0.05

Bone800 MA /Adult Head 2.15 + 0.05
Difference 0.06 £ 0.07

TPS Adult Head 2.07 £ 0.05

Bonel250 | FLUKA Adult Head | 2.08 £ 0.05
Difference 0.01 4+ 0.07

Table 6.10.: Ranges and range differences for the Bone200, Bone800, and Bonel250
materials from the TPS and MA /Adult Head curves.

In this and the following sections, the error in the ranges is also derived from the
resolution of the dose grid, while the error in the difference is calculated using error
propagation. In addition, the difference between the two sets of curves is given as an
absolute value.
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6. Results

6.2.2. Pediatric Head

The adaptation of the Pediatric Head calibration curve was performed following the
same procedure as described above in Section [6.I] The linear regression equation for the
lung tissue is:

P Lung = 0.001 x HU + 1.0217 (6.5)

For the soft tissue, the linear regression equation of the Pediatric Head calibration
curve is given by:
P Soft tissue = 0.0009 x HU + 1.0159 (6.6)

The linear regression equation for skeletal tissue is given by:
P Skeletal tissue = 0.0006 x HU + 1.0131 (67)

Finally, for the CT maximum of the [MA]/Pediatric Head calibration curve, which has a
density p = 7.6519 g/ cm®, the linear regression equation given by:

P Max = 0.0495 x HU — 144.34 (6.8)

The material densities calculated using these equations are compared to the densities
measured for the tissue-equivalent materials in Table

Material Density Calculated Density | Deviation | Deviation

(g/cm?) (g/cm?) (g/cm?) (%)
Air 1.21 x 1073 1.21 x 1073 0 0

Lungln 0.195 0.201 —5.53 x 1073 2.83
LungEx 0.510 0.519 —8.66 x 1073 1.69
Adipose 0.960 0.959 5.42 x 1074 0.06
Breast 0.991 0.983 8.11 x 1073 0.82
Water 1.000 1.020 —1.95 x 1072 1.95
Liver 1.072 1.061 1.12 x 1072 1.04
Muscle 1.062 1.062 —5.76 x 107° 0.05
Bone200 1.161 1.136 2.52 x 1072 2.17
Bones00 1.530 1.560 —2.97 x 1072 1.94
Bonel250 1.820 1.832 —1.24 x 1072 0.68
Al 2.800 2.796 3.70 x 1073 0.13
CT MAX 7.652 7.625 2.69 x 1072 0.35

Table 6.11.: Pediatric Head calibration curve materials and their physical densities
compared to the densities calculated for the same materials using the respect-
ive linear regression equations.

Based on these results, the material file for the Pediatric Head was created as
described above. The Bragg peaks for the materials in the tissue-equivalent phantom were
calculated using [TPS| and simulated in FLUKA. The comparison between the FLUKA
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6.2. Calibration Curve Comparison

and [TPS] depth dose distributions for each material is shown in the following plots, where
the curve is in purple and the FLUKA [MA]/Pediatric Head curve is in green.

Bragg peak of a proton beam with E = 62.4 MeV in muscle equivalent tissue

Bragg peak of a proton beam with E = 62.4 MeV in adipose tissue equivalent

TPS Muscle ———
100 FLUKA Muscle Pediatric Head ———

80

20

0.

100 FLUKA Adipose Pediatric Head ———

TPS Adipose ——

15

2 25
Depth (cm)

Figure 6.17.: Bragg curve of 62.4 MeV

3 3.5 1

proton beam in muscle
equivalent material ob-
tained for the calibration
curve Pediatric Head.

15

2 25 3 3.5
Depth (cm)

Figure 6.18.: Bragg curve of 62.4 MeV

proton beam in adipose
tissue material obtained
for the calibration curve

Pediatric Head.

The ranges and range differences for the materials in the soft tissue category (muscle

adipose tissue liver and breast |6.20)) are given in Table

Material

Curve

Range (cm)

Muscle

TPS Pediatric Head

2.79 £ 0.05

MA /Pediatric Head

2.84 £ 0.05

Difference

0.05 £ 0.07

Adipose

TPS Pediatric Head

2.91 £ 0.05

MA /Pediatric Head

2.95 £ 0.05

Difference

0.04 £ 0.07

Liver

TPS Pediatric Head

2.84 £ 0.05

MA /Pediatric Head

2.86 £ 0.05

Difference

0.02 £ 0.07

Breast

TPS Pediatric Head

2.88 £ 0.05

MA /Pediatric Head

2.94 £ 0.05

Difference

0.06 £ 0.07

Table 6.12.: Ranges and range differences for soft tissue category materials from the TPS
and MA /Pediatric Head curves.
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6. Results

Bragg peak of a proton beam with E = 62.4 MeV in Liver

100

TPS Liver ——
FLUKA Liver Pediatric Head ——

25
Denth (cm)

Figure 6.19.: Bragg curve of 62.4 MeV

proton beam in liver equi-
valent material obtained
for the calibration curve

Pediatric Head.

Bragg peak of a proton beam with E = 62.4 MeV in Lungin

120

100

Dose (%)
=y
3

40

20

TPS Lungin ———
FLUKA Lungln Pediatric Head ———

3
Denth (cm)

Figure 6.21.: Bragg curve of 62.4 MeV

proton beam in inhal-
ing lung equivalent ma-
terial (Lungln) obtained
for the calibration curve

Pediatric Head.

100

Bragg peak of a proton beam with E = 62.4 MeV in breast equivalent material

TPS Breast ——
FLUKA Breast Pediatric Head ———

2 2.5
Depth (cm)

Figure 6.20.: Bragg curve of 62.4 MeV

proton beam in breast equi-
valent material obtained
for the calibration curve

Pediatric Head.

Bragg peak of a proton beam with E = 62.4 MeV in LungEx material
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80
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=)
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N
S
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TPS LungEx ——
FLUKA LungEx Pediatric Head —+—
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Figure 6.22.: Bragg curve of 62.4 MeV

proton beam in exhal-
ing lung equivalent ma-
terial (LungEx) obtained
for the calibration curve

Pediatric Head.

For the LungEx and LungIn materials, displayed in Figures [6.22] and [6.21] the ranges
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6.2. Calibration Curve Comparison

at 80% of the maximum dose are given in Table [6.13]

Material Curve Range (cm)
TPS Pediatric Head | 4.56 + 0.05
LungEx | MA/Pediatric Head | 4.66 £+ 0.05

Difference 0.10 £ 0.07
TPS Pediatric Head | 5.66 = 0.05
LungIn | MA /Pediatric Head | 5.80 £ 0.05
Difference 0.14 £ 0.07

Table 6.13.: Ranges and range differences for the LungEx and Lungln materials from the
TPS and MA /Pediatric Head curves.

Bragg peak of a proton beam with E = 62.4 MeV in Bone200 Bragg peak of a proton beam with E = 62.4 MeV in Bone800

TPS Bone200 —— TPS Bone800 —
100 FLUKA Bone200 Pediatric Head —— 100 FLUKA Bone800 Pediatric Head ——

Dose (%)

%.5 1 15 2.5 3 35 %.5 1 15 25 3 35

2 2
Depth (cm) Depth (cm)

Figure 6.23.: Bragg curve of 62.4 Figure 6.24.: Bragg curve of 62.4

MeV proton beam in MeV proton beam in
Bone200, obtained for Bone800, obtained for
the calibration curve the calibration curve

Pediatric Head. Pediatric Head.

Material Curve Range (cm)
TPS Pediatric Head | 2.66 + 0.05
Bone200 | MA /Pediatric Head | 2.58 £ 0.05

Difference 0.08 £ 0.07

TPS Pd Head 2.27 + 0.05

Bone&00 MA /Pd Head 2.25 4+ 0.05
Difference 0.02 £ 0.07

Table 6.14.: Ranges and range differences for the Bone200 and Bone800 materials from
the TPS and MA /Pediatric Head curves.
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6. Results

Bragg peak of a proton beanm with E = 62.4 MeV in Bone1250

TPS Bonel250 —
100 FLUKA Bonel250 Pediatric Head ———

Dose (%)

%.5 1 15 2 25
Debth (cm)

Figure 6.25.: Bragg curve for a 62.4 MeV proton beam in Bonel250 material, obtained
for the calibration curve Pediatric Head.

The ranges and range differences for the Bone200 and Bone800 materials, shown in
Figures and are listed in Table while for Bonel250, shown in Figure [6.25
are in Table [6.15)

Material Curve Range (cm)
TPS Pediatric Head | 2.08 + 0.05
Bonel250 | MA /Pediatric Head | 2.16 £+ 0.05
Difference 0.08 £ 0.07

Table 6.15.: Ranges and range differences for Bone1250 from the TPS and MA /Pediatric
Head curves.
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6.2. Calibration Curve Comparison

6.2.3. Pediatric Abdomen

Finally, the adaptation of the last evaluated calibration curve, the Pediatric Abdomen
calibration curve, was also completed following the procedure described in Section[6.1] For
the soft tissues, the linear regression was obtained by taking the data points corresponding
to adipose, breast, liver, and muscle equivalent materials with CT numbers ranging from
-65.24 HU to 41.79 HU, with water having a CT number equal to -4.64 HU. The resulting
linear regression equation is:

P Soft tissue = 0.001 x HU + 1.0233 (6.9)
For the case of the lung equivalent tissue, the linear regression equation is:
P Lung = 0.001 x HU + 1.0264 (6.10)

In the case of the skeletal tissue, the CT numbers for the Pediatric Abdomen
calibration curve range from 220.17 HU up to 1286.55 HU, resulting in the following
equation:

P Skeletal tissue = 0.0006 x HU 4 1.0288 (6.11)

Finally, for the CT maximum of the [MA]/Pediatric Abdomen calibration curve is the
same as the CT maximum of the MA: Pediatric Head presented in Equation since
both have a maximum with a density p = 7.6519 g/cm3,

P Max = 0.0495 x HU — 144.34 (6.12)

Table lists the physical densities together with the resulting densities calculated using
the respective equations and shows their absolute and relative deviation.

Material Density Calculated Density | Deviation | Deviation

(g/cm?) (g/cm?) (g/cm?) (%)
Air 1.21 x 1073 1.21 x 1073 0 0

Lungln 0.195 0.211 —1.60 x 1072 .20
LungEx 0.510 0.520 —9.90 x 1073 1.94
Adipose 0.960 0.958 1.94 x 1073 0.20
Breast 0.991 0.981 9.87 x 1073 1.00
Water 1.000 1.019 —1.87 x 1072 1.87
Liver 1.072 1.062 1.05 x 1072 0.98
Muscle 1.062 1.065 —3.10 x 1073 0.29
Bone200 1.161 1.161 9.65 x 107° 0.05
Bone800 1.530 1.551 —2.12 x 1072 1.38
Bonel250 1.820 1.801 1.93 x 1072 1.06
Al 2.800 2.812 —1.20 x 1072 0.43
CT MAX 7.652 7.625 2.69 x 1072 0.35

Table 6.16.: Pediatric Abdomen calibration curve materials and their calculated and
physical densities.
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6. Results

The comparison of depth dose distributions between the [TPS| and FLUKA calculations
using the Pediatric Abdomen calibration curve and its recalculation for each tissue-

equivalent material are shown below. The [TPS| curve is presented in purple, while the
FLUKA Pediatric Abdomen curve is presented in green.

100

Figure 6.26.: Bragg curve for a 62.4 MeV

Bragg peak of a proton beam with E = 62.4 MeV in muscle equivalent tissue

Bragg peak of a proton beam with E = 62.4 MeV in adipose tissue equivalent material

TPS Muscle ———
FLUKA Muscle MA/Pd Abdomen ——

100

FLUKA Adipose MA/Pd Abdomen ———

TPS Adipose ———

1.5

25
Nenth (cm)

3 3.5

proton beam in muscle

equivalent material

for

Pediatric Abdomen.
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Figure 6.27.: Bragg curve for a 62.4

MeV proton beam in

adipose tissue material for

Pediatric Abdomen.

The ranges and range differences for the materials in the soft tissue category (muscle

adipose tissue liver and breast [6.29)) are given in Table

Material

Curve

Range (cm)

Muscle

TPS Pediatric Abdomen

2.78 £ 0.05

MA /Pediatric Abdomen

2.80 £ 0.05

Difference

0.02 £ 0.07

Adipose

TPS Pediatric Abdomen

2.89 £ 0.05

MA /Pediatric Abdomen

2.94 £ 0.05

Difference

0.05 £ 0.07

Liver

TPS Pediatric Abdomen

2.80 £ 0.05

MA /Pediatric Abdomen

2.84 £0.05

Difference

0.04 £ 0.07

Breast

TPS Pediatric Abdomen

2.88 £ 0.05

MA /Pediatric Abdomen

2.93 £ 0.05

Difference

0.05 £ 0.07

Table 6.17.: Ranges and range differences for soft tissue category materials from the TPS
and MA /Pediatric Abdomen curves.
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Bragg peak of a proton beam with E = 62.4 MeV in liver equivalent tissue
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ure 6.28.: Bragg curve for a 62.4
MeV proton beam in
liver equivalent material

for Pediatric Abdo-

men.

Bragg peak of a 62.4 MeV proton beam in Lungin
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Figure 6.30.: Bragg curve of 62.4 MeV

proton beam in Lungln
for Pediatric Abdo-

men.

6.2. Calibration Curve Comparison

Bragg peak of a proton beam with E = 62.4 MeV in breast equivalent tissue
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Figure 6.29.: Bragg curve for a 62.4
MeV proton beam in
breast equivalent mater-

ial for Pediatric Ab-

domen.

Bragg peak of a proton beam with E = 62.4 MeV in LungEx
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Figure 6.31.: Bragg curve of 62.4 MeV
proton beam in LungEx

for Pediatric Abdo-

men.

For the LungEx and Lungln materials, displayed in Figures and the ranges
at 80% of the maximum dose are given in Table
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6. Results

Material | Curve Range (cm)
TPS Pediatric Abdomen | 4.56 + 0.05

LungEx | MA/Pediatric Abdomen | 4.63 & 0.05
Difference 0.07 £ 0.07

TPS Pediatric Abdomen | 5.68 &+ 0.05

LungIn | MA/Pediatric Abdomen | 5.78 £+ 0.05
Difference 0.10 + 0.07

and MA /Pediatric Abdomen curves.

Bragg peak of a proton beam with E = 62.4 MeV in Bone200

Bragg peak of a proton beam with E = 62.4 MeV in Bone800

Table 6.18.: Ranges and range differences for LungEx and Lungln materials from the TPS
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Figure 6.32.:

Bragg curve for a 62.4
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Figure

MeV proton beam in
Bone200 material for
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6.33.:

35

Bragg curve for a 62.4

MeV proton beam in
Bone800 material for

Pediatric Abdo- Pediatric Abdo-
men. men.

Material Curve Range (cm)
TPS Pediatric Abdomen | 2.68 + 0.05
Bone200 | MA/Pediatric Abdomen | 2.64 £ 0.05
Difference 0.04 £ 0.07
TPS Pd Abdomen 2.22 + 0.05
Bone800 MA/Pd Abdomen 2.24 + 0.05
Difference 0.02 £ 0.07

the TPS and MA /Pediatric Abdomen curves.

Table 6.19.: Ranges and range differences for the Bone200 and Bone800 materials from

For the Bone200 and Bone800 materials, shown in Figures and the ranges

are listed in Table while for Bonel250 (Figure [6.34)) are given in Table



6.2. Calibration Curve Comparison

Bragg peak of a proton beam with E = 62.4 MeV in Bone1250

TPS Bonel250 ——
100} FLUKA Bonel1250 MA/Pd Abdomen ——

80

20

%.5 1 15 2 25
b (em)

Figure 6.34.: Bragg curve for a 62.4 MeV proton beam in Bonel250 material for
Pediatric Abdomen.

Material Curve Range (cm)
TPS Pediatric Abdomen | 2.07 £+ 0.05

Bonel250 | MA /Pediatric Abdomen | 2.12 4+ 0.05
Difference 0.05 £ 0.07

Table 6.20.: Ranges and range differences for the Bonel250 materials from the TPS and
MA /Pediatric Abdomen curves.
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6. Results

6.2.4. Range Comparison

To facilitate visualization and comparison of the results from all three calibration curves,
the ranges at 80% of the maximum dose were divided into the previously defined categories:
lung, soft tissue, and skeletal tissue. These data were then plotted as a histogram with
the x-axis representing the curve and the y-axis representing the range of that curve.
The range of all curves for the LungEx material are displayed in [6.35] and for the Lungln
material in [6.36]
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Figure 6.35.: Comparison of the ranges at 80% of the maximum dose for the LungEx

material in the [I'PSl calculation with the three calibration curves and their
respective FLUKA simulations from the Bragg curves plotted above.
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Figure 6.36.: Comparison of the ranges at 80% of the maximum dose for the Lungln
material in the [['PS| calculation with the three calibration curves and their
respective FLUKA simulations from the Bragg curves plotted above.

The ranges for the skeletal tissue are displayed in Figures [6.37], [6.38] and [6.39]
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Figure 6.37.: Comparison of the ranges at 80% of the maximum dose for the Bone200
from |’I_?S| and FLUKA for the three calibration curves.
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Figure 6.38.: Comparison of the ranges at 80% of the maximum dose for the Bone800
from |TES| and FLUKA for the three calibration curves.
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Figure 6.39.: Comparison of the ranges at 80% of the maximum dose for the Bonel250
from |TES| and FLUKA for the three calibration curves.
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Figure 6.40.: Comparison of the ranges at 80% of the maximum dose for muscle from
|’I£S| and FLUKA for the three calibration curves.

Finally, Figures [6.40], [6.47], [6.42] and [6.43] display the ranges for the muscle, adipose
tissue, liver and breast equivalent materials.
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Figure 6.41.: Comparison of the ranges at 80% of the maximum dose for adipose tissue
from |TES| and FLUKA for the three calibration curves.
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Figure 6.42.: Comparison of the ranges at 80% of the maximum dose for liver fromm
and FLUKA for the three calibration curves.
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6.3. Influence of the Beam Model
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Figure 6.43.: Comparison of the ranges at 80% of the maximum dose for breast from m

6.3.

and FLUKA for the three calibration curves.

Influence of the Beam Model

Bragg peak of a proton beam with E = 62.4 MeV in muscle with MA/Pediatric Abdomen calibration curve

TPS Muscle ——

100+ FLUKA muscle without beam model ——— i
FLUKA muscle with beam model and nozzle /

80

201

\

95 1 5 2 25 3
Depth (cm)

Figure 6.44.: Bragg curve for a 62.4 MeV proton beam in muscle material for Pediatric

Abdomen including the calibration curve.

The final simulations conducted aimed to examine the impact of the beam model on
FLUKA Monte Carlo simulations. The muscle and Bone200 plans for the MA /Pediatric
Abdomen calibration curve were used for the input. The nozzle geometry and the beam
model were included in the input for the simulation. The results for the muscle plan are

shown in Figure and for the Bone200 plan in Figure [6.45| compared to [6.32] The
ranges are listed in Table [6.21]
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6. Results

Bragg peak of a proton beam with E = 62.4 MeV in Bone200 with MA/Pediatric Abdomen calibration curve

" TPS Bone200 ——
100 FLUKA Bone200 with beam model and nozzle ——

Dose (%)

15 2
Depth (cm)

Figure 6.45.: Bragg curve for a 62.4 MeV proton beam in the Bone200 material for
Pediatric Abdomen including the calibration curve.

Material Curve Range (cm)
TPS Pediatric Abdomen 2.78 £ 0.05
Muscle MA /Pediatric Abdomen without Beam Model 2.80 £ 0.05
MA /Pediatric Abdomen including Beam Model | 2.80 £ 0.05

TPS Pediatric Abdomen 2.68 £ 0.05
Bone200 MA /Pediatric Abdomen without Beam Model | 2.64 £+ 0.05
MA /Pediatric Abdomen including Beam Model | 2.67 + 0.05

Table 6.21.: Ranges at 80% of the maximum dose of the muscle and Bone200 equivalent
tissue for the MA /Pediatric Abdomen calibration curve from TPS, and
FLUKA with and without the beam model.
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7. Discussion

The overall capabilities of the FLUKA Particle Therapy Tool for dose recalculation
of treatment plans have been evaluated in this thesis. The influence of several input
parameters on the resulting Bragg curves was examined by computing the depth dose
distribution of proton beams with two different nominal energies £ = 97.4 MeV and
E =62.4 MeV for two different phantoms.

The differences in the range of the Bragg peaks calculated in [TPS| and in FLUKA
with the use of the Adult Head curve were small for the acrylic , nylon ,
and Lexan materials, where the range differences were 0.1 mm for acrylic, 0.3 mm
for nylon, and 0.2 mm for Lexan. However, for polyethylene , the difference was
slightly higher at 0.5 mm. In the case of the Teflon material , a secondary peak is
present both in the [TPS| plan and in the results of the FLUKA simulations, which as
already mentioned and shown in Figure is caused by a misalignment of the beam
at the moment of editing the plan, which causes the beam to also interact with the
surrounding material. The higher range difference of 1.2 mm could be caused by several
factors, such as the different methods used by each program to account for heterogeneities,
resulting in different scattering; the averaging of densities during voxalization, or the
lack of implementation of the beam model in this simulation, which affects the size and
divergence of the beam, resulting in a difference of the dose distribution, especially at
the interface of two materials. The effect of the beam model can also be observed in the
tissue equivalent phantom results discussed below. The repetition of this plan would be of
interest, but due to time constraints was beyond the scope of this work. For the Schneider
curve, the difference in the range of the Bragg peaks was slightly higher than for the
Adult Head curve for the acrylic and nylon samples, where the range difference was
0.5 mm. This was also the range difference for the polyethylene material in both cases.
For Lexan, the range difference was equal to 0.4 mm and for Teflon, also a higher range
difference of 1.1 mm was measured.

For the tissue equivalent phantom, the difference between the [TPS and FLUKA ranges
of the soft tissue is the smallest on average for all three calibration curves, while the range
difference is the highest for the lung tissue. These differences can arise from the fact that
more samples and therefore more points were available for the linear regression of the soft
tissue, while only two points (LungIn and LungEx) were available for the linear regression
of the lung tissue. The range difference in the muscle plan goes from 0.2 mm for the Adult
Head curve to 0.5 mm for the Pediatric Head curve. For the adipose tissue, the difference
in the range goes from 0.4 mm for the Pediatric Head curve to 0.5 mm for the Pediatric
Abdomen curve. The differences in the liver equivalent material are the smallest in the
soft tissue category, being between 0.2 mm and 0.4 mm, and the highest for the breast
equivalent material between 0.5 mm for the Pediatric Abdomen curve and 0.8 mm for the
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7. Discussion

Adult Head curve. For the LungEx plans, the range difference between the two softwares
is 1.1 mm for the Adult Head curve, 1.0 mm for the Pediatric Head curve,
and 0.7 mm for the Pediatric Abdomen curve, while for the Lungln plans, it goes
from 1.0 mm for the Pediatric Abdomen curve and 2.0 mm for the Adult Head
curve. Several factors can contribute to the observed differences for lung tissue including
mentioned already limitation in number of points for the interpolation of CT calibration
curve in this region. The lower density of these materials results in a longer range for
the beam compared to the range of the beam in the other materials analyzed, with a
difference of several centimeters. As a result, the beam is more capable of scattering over
the longer path, leading to a notable alteration in the range of the Bragg peaks. This
could contribute to the range difference, especially when the beam size and divergence
differ. The skeletal tissue plans present a secondary peak, which is caused by the beam
being of a larger diameter than the material sample of the phantom, thus allowing for
interaction with the surrounding material. The range differences for the Bone200 material
are the highest in this category, with 0.9 mm for the [@/Adult Head curve, 0.8 mm for
the Pediatric Head curve and 0.4 mm for the @ Pediatric Abdomen curve, and the
lowest for the Bone800 material with 0.2 mm for the :@/Pediatric Head curve, 0.2 mm
for the Pediatric Abdomen curve and a significantly higher difference of 0.6 mm
for the Adult Head curve. The range differences for the Bone1250 material are found
between 0.1 mm and 0.8 mm. The skeletal tissue typically presents greater deviations in
the calibration curves, due to the presence of inhomogeneities and the stronger influence
of CT parameters. This is apparent when comparing the calibration curves presented in
Table .11

The accuracy of the x-axis dose calculation in [TPS|is limited by the resolution of the
dose grid, which is 1 mm. This resolution was also employed for the scoring of the dose in
FLUKA. Despite the differences in range, all the curves of the phantom with materials
of known densities, with the exception of the Teflon curve, as well as the ranges of the
samples in the soft tissue and skeletal tissue categories, are within this resolution limit.
For the error in the y-axis, is set to 0.5%), while in FLUKA it is a statistical error
depending on the number of primaries, as described in which is represented by the
error bars in the plots. A constant deviation among all dose distributions is the lower
dose deposition in the plateau area. This deviation is attributed to the difference in beam
size and shape resulting from the missing beam model file and nozzle geometry, which as
already mentioned, influence the divergence and scattering of the beam. The beam model
file specifies the momentum, angular, and position spread of the beam [6]. Section
shows the Bragg curve of the muscle and Bone200 plans for the Pediatric Abdomen
calibration curve, including the beam model file and nozzle geometry in the input, and
compares this to the previously discussed plans for the Pediatric Abdomen calibration

curve from Figure and [6.32]

In the case of the muscle plan, it is clear that even if the ranges for the curves with and
without a beam model are the same, the overall shape of the curve differs, especially in the
plateau area. In the case of Bone200, in addition to the plateau area being influenced by
the beam model, the difference in range between the Bragg peaks obtained with [TPS]|and
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with FLUKA decreases from 0.4 mm to 0.1 mm. Further simulations for the remaining
samples implementing the beam model are needed to evaluate its effects. The treatment
plans analyzed in this thesis were simplified as described in Chapter [f] to evaluate the
effect of input parameters such as the calibration curves. Typical treatment plans employ
multiple spots with varying energies to cover the target volume, and the commissioned
energies in [TPS| are not discrete but a spectrum. This fact has been accounted for in the
ray model simulations.

Sources of error arise from the limited number of available points compared to the
defined [HU| materials used for the FLUKA material files, especially outside the soft
tissue area, coupled with the processing of the calibration curve in both softwares, since
in FLUKA each Hounsfield unit range is related to a material with specific elemental
composition and properties, while in [TPS| the mass density calculated for corresponding
HU is connected to material properties interpolated from the list of core 10 materials. The
primary source of error is the missing beam model file, which, as discussed earlier, defines
the shape and size of the beam. This leads to inaccuracies in the beam dispersion and
scattering, causing a variation in the dose distribution, which alters the range and overall
shape of the Bragg curve. The physical models and approximations utilized in both
programs, including those for electronic stopping power and multiple Coulomb scattering,
also influence the results. Furthermore, the number of primaries utilized for the Monte
Carlo simulations can be increased to achieve higher accuracy, although this results in a
longer simulation time.

7






8. Conclusion and Outlook

In this thesis, necessary input parameters were adjusted and implemented with the
objective of recalculating Med Austron treatment plans using the FLUKA Monte Carlo
code. The recalculated dose distributions presented in this thesis indicate that FLUKA
can be used as a research tool in the clinical setting at the MedAustron particle therapy
center, when all required input parameters are configured. In addition, the capability
of generating plans with reasonable results with a minimal configuration, as suggested
by Kozlowska et at. |6] was verified, while highlighting the advantages of adapting the
initial parameters as closely as possible to the parameters used in the treatment planning
system, to improve the accuracy of the results.

This work served as a proof of concept for dose recalculation at MedAustron using the
FLUKA Particle Therapy Tool. Nevertheless, further work is required before a comparison
of dose distributions for clinical patient plans can be performed. The beam model and
nozzle geometry were not available until a late stage of the project and are therefore not
included in most of the simulations. However, these factors have a significant impact on
the results for the ranges and dose distributions. Additional simulations are necessary
for the remaining samples to evaluate its effects. The next steps in the development of
this project would involve the full commissioning of the beam model for the proton beam
for different nozzles used in MedAustron, as well as the creation and commissioning of a
beam model for carbon. Furthermore, in order to be able to calculate the dose for
carbon beams and directly compare it with the dose from the [TPS] the radiobiological
models for carbon ions should be implemented.
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A. Appendix

A.1. CT Scanning Parameters

This section presents the parameters used to prepare the CT protocols to generate the

calibration curves.

CT protocol MA /Adult | MA /Pediatric | MA /Pediatric
name Head Head Abdomen
FOV (mm) 350 350 400
kVp 120 120 120
mAs 300 150 200
Collimation (mm) 16x0.75 16x0.75 16x1.5
Pitch 0.563 0.563 0.813
Slice thickness (mm) 2 2 3
Increment (mm) 2 2 3
Rotation time (s) 0.75 0.75 0.76
Filter UB UB B
Enhancement 0 0 0
Dose right No No No
Angular Modulation No No No
Resolution Standard Standard Standard
SP Filter (CB) On On On
Adaptive filter (streak) Off Off Yes
Center (mm) 0x0 0x0 0x0
Matrix 512 512 512

Table A.1.: Parameters used to generate the calibration curve by scanning the tissue

equivalent phantom with a Phillips CT machine.

A.2. Calibration Curve

This section presents the material file prepared and used for the MA /Adult Head calibra-

tion curve.

91



A. Appendix

HUpax | Material name CpPMin CpMax dE/dxpin | dE/dXMax

-950 AIR 1 1 1 1
-925 HU<-925 0.89472853891055 | 1.16517545243515 1 1
-900 HU<-900 0.928082496221887 | 1.14143479420393 1 1
-830 HU<-830 0.808042962407894 | 1.23891594854502 1 1
-700 HU<-700 0.765598003455558 | 1.2608946054905 1 1
-500 HU<-500 0.773312048079632 | 1.24049206498263 1 1
-120 HU<-120 0.738508753574667 | 1.2672107135384 1 1
-83 HU<-83 0.98208616094377 1.0209635546033 1 1
-53 HU<-53 0.990832320041451 | 1.02445967316816 1 1
-23 HU<-23 0.988242706311543 | 1.02385604113111 1 1

7 HU<7 0.985794274182379 | 1.02328148519819 1 1
18 HU<18 0.992009487518469 | 1.00548750612445 1 1
80 HU<80 0.969587672668561 | 1.04985879832506 1 1
120 HU<120 0.964396266841627 | 1.02891834275651 1 1
200 HU<200 0.999794803118993 | 1.05689080925376 1 1
300 HU<300 0.979639439096949 | 1.05207328833173 1 1
400 HU<400 0.981278317892658 | 1.04947114183393 1 1
500 HU<500 0.982765932236157 | 1.04711668120885 1 1
600 HU<600 0.984122300314156 | 1.04497614901189 1 1
700 HU<700 0.98536405729913 | 1.0430216556819 1 1
800 HU<800 0.986505141029082 | 1.04122995765947 1 1
900 HU<900 0.987557317413438 | 1.03958152861998 1 1
1000 HU<1000 0.988530587633202 | 1.03805984494137 1 1
1100 HU<1100 0.989433507040259 | 1.03665082983832 1 1
1200 HU<1200 0.990273437315874 | 1.03534241685012 1 1
1300 HU<1300 0.991056747634946 | 1.03412420290688 1 1
1400 HU<1400 0.991788976475098 | 1.03298717165547 1 1
1500 HU<1500 0.992474962769521 | 1.03192346966196 1 1
1600 HU<1600 0.993118952972273 | 1.03092622481387 1 1
2000 HU<2000 0.952167694580254 | 1.12086636037764 1 1
3070 HU<3070 0.968258120776106 | 1.28855766199847 1 1

Table A.2.: Table of correction factors and parameters for the MA /Adult Head calibration
curve.

A.3. FLUKA Input File

In this section an example of the FLUKA input file is presented, in particular the input
file for the MA /Adult Head muscle plan.

!@dicom=rtplan
#define rtplan_beaml
!@dicom=rtplan
#if rtplan_beaml
!@dicom=rtplan
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#define rtplan_spotsl 2
!@dicom=rtplan

#define rtplan_weightl 1000000000
!@what.1=rtplan_weight1/Gy
!@dicom=rtplan

#define rtplan_norml 160.217646
!@dicom=rtplan

#endif

!@what.1=int (rtplan_spotsl)
!@dicom=rtplan

#define rtplan_spots 2

TITLE

GLOBAL 5000.

*Set the defaults for precision simulations
DEFAULTS

*Define the beam characteristics

BEAM -0.05898
*Define the beam position
BEAMPOS

*Card to initialize special beam - SPOTBEAM
!@what.l=rtplan_spots

!@dicom=rtplan

SPECSOUR 2

*Defines beam source file for beaml
!@dicom=rtplan

#if rtplan_beaml

!@dicom=rtplan

A.3. FLUKA Input File

HADROTHE

BEAMSPOT

#include RTPlan_RP1.2.752.243.1.1.20240426144642010.2600.10844_beaml. inp

!@dicom=rtplan

#endif
!O@what.5=rtplan_spots
!@dicom=rtplan

SPOTTRAN RTPLAN RTPLAN 2 INVERSE

GEOBEGIN COMBNAME

I@pos=[-30.05859375, -25.85859375, -24.5]

l@iop=[1.0, 0.0, 0.0, 0.0, 1.0, 0.0]

VOXELS -30.058594-25.858594 -24.5 LungInA
0 0

*Black body

SPH blkbody 0.0 0.0 0.0 100000.0

RPP water -30.05859375 30 -25.85859375 34.14 -44.35 -24.5

*Void sphere
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SPH void 0.0 0.0 0.0 10000.0

END

*Black hole

BLKBODY 5 +blkbody -void

*Void around

VOID 5 +void -water -VOXEL
WATER 5 +water

END

GEQEND

MATERIAL 15 1.82
MATERIAL 16 2.07
MATERIAL 17 0.003214
T e T S . B T S
ASSIGNMA BLCKHOLE  BLKBODY

ASSIGNMA VACUUM VOID

*Voxel cage

ASSIGNMA VACUUM VOXEL

*Voxel cage

ASSIGNMA WATER WATER

*Isocenter translation
!@dicom=rtplan

ROT-DEFI 100

*HFS Voxel Rotation
!@dicom=rtplan

ROT-DEFI 100 0
10dicom=RTDOSE-2
!@pos=[-25.25, -25.25, -34.85]

!@iop=[1.0, 0.0, 0.0, 0.0, 1.0,

USRBIN 10.0 DOSE-H20
USRBIN -25.25 -25.25
1@dicom=RTDOSE-2

!@pos=[-25.25, -25.25, -34.85]

!@iop=[1.0, 0.0, 0.0, 0.0, 1.0,

90

0.0]
-99.0
-34.85

0.0]
-98
-34.85

11.72682 -4.318414

25.35
506

25.35
506

25.35
506

25.35
506

PHOSPHO
SULFUR
CHLORINE

22 .55008RTPLAN

RTPLAN

-19.052-DOSE-H20
158 &

-19.052-SQBETA-D
158 &
example

*Set the number of primary histories to be simulated in the run

USRBIN 10.0 DOSE
USRBIN -25.25 -25.25
RAD-BIOL

*Set the random number seed
RANDOMIZ 1.0

START 100000

STOP
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A.4. Beam Model Input File
This section presents the FLUKA input file which includes the nozzle geometry.

!@dicom=rtplan
#define rtplan_beaml
!@dicom=rtplan
#if rtplan_beaml
!@dicom=rtplan
#define rtplan_spotsl 2
!@dicom=rtplan
#define rtplan_weightl 1000000000
!@what.l=rtplan_weightl/Gy
!0@dicom=rtplan
#define rtplan_norml 160.217646
!@dicom=rtplan
#endif
l@what.1=int (rtplan_spotsl)
!@dicom=rtplan
#define rtplan_spots 2
#define RaShi
TITLE

GLOBAL 5000.

*Set the defaults for precision simulations

DEFAULTS HADROTHE
PHYSICS COALESCE
PHYSICS EVAPORAT
PHYSICS 0.001 0.150 2 2 3IONSPLIT
PHYSICS 1000. 1000.0 1000.0 1000.0 1000.0 1000.0PEATHRES
*IONTRANS -2

*MULSOPT 1. 1. 1. 1.GLOBHAD
*Define the beam characteristics

BEAM -0.05898

*Define the beam position

BEAMPOS

*Card to initialize special beam - SPOTBEAM

!Owhat.l=rtplan_spots

!@dicom=rtplan

SPECSOUR 2 BEAMSPOT
*Defines beam source file for beaml

!@dicom=rtplan

#if rtplan_beaml

!@dicom=rtplan

1
3
1
0
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#include RTPlan_RP1.2.752.243.1.1.20240427105250638.3250.54178_beaml.inp
!@dicom=rtplan

#endif

!@what.5=rtplan_spots

!@dicom=rtplan

SPOTTRAN RTPLAN RTPLAN 1 2 INVERSE
*Rotating and shifting full nozzle depending on couch angle: change azm=couch angle-90
*and deltax=deltaz and deltaz=deltax of isocenter translation (for -Azm deltax=-deltaz)
#if rtplan_beaml

ROT-DEFI 200 180 180 22.55103 7.162421 0.1005328Nozzle
#endif
GEOBEGIN COMBNAME

l@pos=[-30.056859375, -25.85859375, -24.5]

!@iop=[1.0, 0.0, 0.0, 0.0, 1.0, 0.0]

VOXELS -30.058594-25.858594 -24.5 s
0 0

*Black body

SPH blkbody 0.0 0.0 0.0 100000.0

*Void sphere

SPH void 0.0 0.0 0.0 10000.0

RPP water -30.05859375 30 -25.85859375 34.14 -44.35 -24.5
$start_transform Nozzle

RPP AirGap -100 100 -100 100 -177.65 113.35
*Nozzle upstream (exit to entrance)

RPP KapFoil -35.5 35.5 -35.5 35.5 64.80 64.82
XYP KapP 64 .8025

RPP RaShi -35 35 -35 35 71.62 74.62

*DDS1 implementation

RPP DDS1 -35.5 35.5 -35.5 35.5 74.9425 86.9425
RPP DDS1_1 -35 35 -35 35 75.92558 75.92813
XYP DDS1_P1 75.92563

RPP DDS3_1 -35 35 -35 35 78.92813 78.92936
XYP DDS1_P2 78.92816

RPP DDS5_1 -35 35 -35 35 79.42936 79.43436
XYP DDS1_P3 79.43186

RPP DDS7_1 -35 35 -35 35 79.93686 79.93941
XYP DDS1_P4 79.93691

RPP DDS9_1 -35 35 -35 35 80.43941 80.44441
XYP DDS1_P5 80.44191

RPP DDS11_1 -35 35 -35 35 81.44691 81.45191
XYP DDS1_P6 81.44941

RPP DDS13_1 -35 35 -35 35 81.95441 81.95564

XYP DDS1_P7 81.95561
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RPP DDS15_1 -35 35 -35
XYP DDS1_P8 82.45684
RPP DDS17_1 -35 35 -35
XYP DDS1_P9 85.95937
*DDS2implementation

RPP DDS2 -356.5 356.5
RPP DDS1_2 -35 35 -35
XYP DDS2_P1 88.12563
RPP DDS3_2 -35 35 -35
XYP DDS2_P2 91.12816
RPP DDS5_2 -35 35 -35
XYP DDS2_P3 91.63186
RPP DDS7_2 -35 35 -35
XYP DDS2_P4 92.13691
RPP DDS9_2 -35 35 -35
XYP DDS2_P5 92.64191
RPP DDS11_2 -35 35 -35
XYP DDS2_P6 93.64941
RPP DDS13_2 -35 35 -35
XYP DDS2_P7 94.15561
RPP DDS15_2 -35 35 -35
XYP DDS2_P8 94.65684
RPP DDS17_2 -35 35 -35
XYP DDS2_P9 98.15937
*ITS implementation

RPP ITS -356.5 36.5
RPP ITS1_3 -35 35 -35
XYP ITSP_1 103.94255
RPP ITS3_3 -35 35 -35
XYP ITSP_2 107.94508
RPP ITS5_3 -35 35 -35
XYP ITSP_3 108.43249
RPP ITS7_3 -35 35 -35
XYP ITSP_4 108.93752
RPP ITS9_3 -35 35 -35
XYP ITSP_5 109.43875
RPP ITS11_3 -35 35 -35
XYP ITSP_6 112.9400
RPP VacWi -35 35 -35
XYP VacWP1 113.220001
XYP VacWP2 113.258001
RPP VacW2 -35 35 -35
XYP VacWP3 113.639502

35 82

35 85

-35.5

35 88

35 91

35 91.

35 92.

35 92.

35 93.

35 94.

35 94.

35 98

.45564 82

.95687 85

.45687

.95942

A.4. Beam Model Input File

35.5 87.1425 99.1425

.12558 88

.12813 91

.15687 98.

62936 91.

13686 92.

63941 92.

64691 93.

15441 94.

65564 94.

.12813

.12936

63436

13941

64441

65191

15564

65687

15942

-35.5 35.5 103.94249 112.94251

35 103

35 107.

35 108.

35 108.

35 109.

35 112.

35 113.

35 113.

94505

42999

93749

43872

93995

.9425 103.94505

107.94628

108.43499

108.93872

109.43995

112.9425

22 113.259001

639501 113.659002
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XYP VacWP4

$end_transform

END

*Black hole
BLKBODY
*Void around
VOID

WATER
AirGap

KapFoil
RaShi
DDS1

DDSA11

DDSMy11

DDSKap1

DDS2

DDSA12
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113.658502

+blkbody -void

+void -VOXEL -water -AirGap

+water

+AirGap -VacWl -VOXEL -RaShi

- (KapFoil+KapP) -ITS -DDS1 -DDS2-water
+KapFoil +KapP

+RaShi

+DDS1 -DDS11_1 -DDS13_1

-DDS15_1 -DDS17_1 -DDS1_1

-DDS3_1 -DDS5_1 -DDS7_1

-DDS9_1

+DDS1_1 -DDS1_P1

| +DDS3_1 -DDS1_P2

| +DDS5_1 -DDS1_P3

| +DDS7_1 -DDS1_P4

| +DDS9_1 +DDS1_P5

| +DDS11_1 -DDS1_P6

| +DDS13_1 +DDS1_P7

| +DDS15_1 +DDS1_P8

| +DDS17_1 +DDS1_P9
+DDS1_1 +DDS1_P1

| +DDS3_1 +DDS1_P2

| +DDS7_1 +DDS1_P4

| +DDS13_1 -DDS1_P7

| +DDS15_1 -DDS1_P8

| +DDS17_1 -DDS1_P9
+DDS5_1 +DDS1_P3

| +DDS9_1 -DDS1_P5

| +DDS11_1 +DDS1_P6
+DDS2 -DDS11_2 -DDS13_2
-DDS15_2 -DDS17_2 -DDS1_2
-DDS3_2 -DDS5_2 -DDS7_2
-DDS9_2

+DDS1_2 -DDS2_P1

| +DDS3_2 -DDS2_P2

| +DDS5_2 -DDS2_P3

| +DDS7_2 -DDS2_P4

| +DDS9_2 +DDS2_P5



| +DDS11_2 -DDS2_P6
| +DDS13_2 +DDS2_P7
| +DDS15_2 +DDS2_P8
| +DDS17_2 +DDS2_P9

A.4. Beam Model Input File

DDSMy12 4 +DDS1_2 +DDS2_P1
| +DDS3_2 +DDS2_P2
| +DDS7_2 +DDS2_P4
| +DDS13_2 -DDS2_P7
| +DDS15_2 -DDS2_P8
| +DDS17_2 -DDS2_P9
DDSKap2 4 +DDS5_2 +DDS2_P3
| +DDS9_2 -DDS2_P5
| +DDS11_2 +DDS2_P6
ITS 5 +ITS -ITS1_3 -ITS3_3 -ITS5_3
-ITS7_3 -ITS9_3 -ITS11_3
ITSAl 4 +ITS1_3 -ITSP_1
| +ITS3_3 -ITSP_2
| +ITS5_3 -ITSP_3
| +ITS7_3 +ITSP_4
| +ITS9_3 +ITSP_5
ITSA11 4 +ITS11_3 +ITSP_6
ITSMyl 5 +ITS1_3 +ITSP_1
| +ITS3_3 +ITSP_2
| +ITS7_3 -ITSP_4
| +ITS9_3 -ITSP_5
ITSMyl1 5 +ITS11_3 -ITSP_6
ITSKap 4 +ITS5_3 +ITSP_3
VacWTil 5 +VacWl +VacWP1
VacWMyl1l 5 +VacWl -VacWP1 +VacWP2
VacWAll 5 +VacWl -VacWP2
END
GEQEND
L R R B . B e | + b....+....6 + 7
ASSIGNMA BLCKHOLE  BLKBODY
ASSIGNMA VACUUM VOID
*Voxel cage
ASSIGNMA VACUUM VOXEL
*Voxel cage
ASSIGNMA WATER WATER
COMPOUND  -0.026362 HYDROGEN -0.691133 CARBON -0.07327 NITROGENKAPTON
COMPOUND  -0.209235 OXYGEN KAPTON
*Mylar, Melinex
MATERIAL 1.4 Mylar
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HYDROGEN

OXYGEN

NITROGEN

dry (near sea level)

COMPQUND 8.0
*652 Titanium oxide
MATERIAL

COMPQUND 2.0
MATERIAL 7
COMPQUND 2.0
%104 Air

MATERIAL

COMPQUND -0.0001248
COMPQUND -0.012827
*C H O

* 5 8 2

MATERIAL

COMPQUND 8.0
ASSIGNMA AIR
ASSIGNMA KAPTON
ASSIGNMA AIR
#if RaShi

ASSIGNMA PMMA
#endif

ASSIGNMA WATER
ASSIGNMA ALUMINUM
ASSIGNMA NITROGEN
ASSIGNMA Mylar
ASSIGNMA KAPTON
ASSIGNMA NITROGEN
ASSIGNMA ALUMINUM
ASSIGNMA Mylar
ASSIGNMA KAPTON
ASSIGNMA ALUMINUM
ASSIGNMA ALUMINUM
ASSIGNMA Mylar
ASSIGNMA Mylar
ASSIGNMA KAPTON
ASSIGNMA ATR
ASSIGNMA ATR
ASSIGNMA AIR
ASSIGNMA AIR
RAD-BIOL

ROT-DEFI

*Isocenter translation

l@dicom=rtplan

ROT-DEFI

100

100

10.0
4.24

1.0
0.00129

0.00129

CARBON -0.755267

ARGON

HYDROGEN
AirGap
KapFoil
RaShi

RaShi

WATER
DDSAl1
DDS1
DDSMyl1
DDSKap1l
DDS2
DDSA12
DDSMy12
DDSKap2
ITSAL
ITSAL1
ITSMyl
ITSMyl1
ITSKap
ITS
VacWAll
VacWMyl1
VacWTil

1.193
5.0

CARBON

TITANIUM

4.0

NITROGEN -0.231781

CARBON

2.0

0XYGENMylar

TitanOx
TitanOx
NitroGas
NitroGas

ICRU-104

OXYGENICRU-104
ICRU-104

PMMA
O0XYGENPMMA

example

11.72682 -4.318414 22.55008RTPLAN



A.4. Beam Model Input File

*HFS Voxel Rotation

!@dicom=rtplan

ROT-DEFI 100 0 90 RTPLAN
1@dicom=RTDOSE-1

!@pos=[-25.25, -25.25, -34.85]

1@iop=[1.0, 0.0, 0.0, 0.0, 1.0, 0.0]

USRBIN 10.0  ALPHA-D -99.0 25.35 25.35 -19.051-ALPHA-D
USRBIN -25.25 -25.25 -34.85 506 506 158 &

*Set the random number seed

RANDOMIZ 1.0

*Set the number of primary histories to be simulated in the run
START 100000
STOP
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