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Abstract

Purpose: At the MedAustron (MA) Ion Therapy Centre, medical commissioning
of Carbon ion beams was performed at the fixed Horizontal Beam Line in Irradia-
tion Room 2 (IR2HBL). Carbon ion beams in the energy range of 120-402.8 MeV /u
(corresponding to 29.2-270 mm range in water) and a spot size of at least 6 mm
FWHM in air are available. In addition to the advantageous depth-dose profiles
(compared to photons) and lateral scattering (compared to protons), Carbon ions
offer a larger efficacy for tumor cells killing due to the enhanced biological effect or
Relative Biological Effectiveness (RBE). Non-elastic nuclear interactions of the pri-
mary Carbon ion projectiles with the target nuclei result in a reduction of primary
ions and a build-up of lower-Z fragments with longer ranges, causing the charac-
teristic fragmentation tail beyond the Bragg peak. At MA, the treatment planning
system (TPS) RayStation (RS) v8B (RaySearch Laboratories RSL, Sweden) has
been commissioned. For RBE-weighted dose computation, the Local Effect Model
version 1 (LEM I) is used. In order to compute the biological effect, the LEM I
requires the energy spectrum of all particles and the physical absorbed dose as in-
put parameters. RSL have used the FLUKA Monte Carlo (MC) code to compute
particle energy spectra kernels of mono-energetic Carbon ion beams as input in the
pencil beam dose engine (PBv3.0). Interactions with nozzle elements are handled by
offsetting and weighting the spectra kernels, in order to reproduce the energy distri-
bution at the nozzle exit. However, as the MA nozzle is not available in FLUKA, the
interactions of the Carbon ion beams with the nozzle elements cannot be considered
explicitly. This work aims to study the impact of beamline specific particle energy
spectra on the RBE-weighted dose for clinical treatment plans.

Materials and methods: At MA a TPS independent MC particle transport
code (Gate v8.2 Geant4 v10.3 patch 03) was used to simulate the entire beam line
(IR2HBL) with the detailed description of all nozzle components. First, based on
data acquired during the commissioning phase, the optics parameters, the energy,
and the energy spread were tuned in Gate to reproduce the beam characteristics of
IR2HBL. The hadron physics builder was chosen, comparing simulated integrated
radial profiles as function of depth (IRPD) with profiles acquired with three different-
sized plane-parallel ionization chambers PPIC (diameter of 39.6 mm, 81.6 mm, 147
mm) in water. Following a similar approach as RSL in FLUKA, particle energy
spectra were simulated with GATE for single energy beams (ranging from 120 to
402.8 MeV/u in 5 MeV/u steps). Based on the two sets of spectra, two clinical
beam models were created in RS: one beam model containing the RSL-FLUKA
pre-generated particle spectra and one containing the MA-Gate beamline-specific
particle spectra. The impact of the different particle energy spectra (RSL-FLUKA
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vs. MA-Gate spectra) on the RBE-weighted biological dose was evaluated for differ-
ently sized and shaped targets in water and for some clinical plans with and without
range shifter.

Results: Among the different hadron physics configurations, “Shielding” (contain-
ing the Quantum Molecular Dynamics model) agreed within 5% with the measured
integrated depth dose profiles in the plateau and the Bragg peak region. Larger local
deviations (up to 20%) were found for all the models in the fragmentation tail, but
in these regions, less than 4% of the energy is deposited in comparison to the Bragg
peak, therefore they are clinically not relevant. As a result, the reference hadron
physics builder “Shielding” was selected for the simulation of the particle energy
spectra. RSL-FLUKA pre-generated particle spectra were benchmarked against the
MA-Gate beamline-specific spectra. The MA-Gate and the RSL-FLUKA fluence
agreed well for the main contribution, the primary Carbon ions. However, the flu-
ence at energies below 1 MeV /u was considerably lower in GATE for all secondary
particles and mainly for the proton and helium fluence components. The dose con-
tribution of low energy particles in the spread-out Bragg peak (SOBP) is low, but
the impact on RBE-weighted dose was quantified as the RBE is non-linearly increas-
ing with decreasing energy. Single energy layer results revealed that the compared
RBE-weighted dose generated by the two different beam models, the MA-GATE and
RSL-FLUKA models differ about less than 3% in the entrance region till the Bragg
peak, whereas during the Bragg peak fall off region the deviation increases up to 5%
and in the fragmentation tail differences of up to 15% were found. For the boxes in
water three regions were investigated. The deviations found in the plateau region
were less than 0.5%, in the target region less than 1% and in the fragmentation tail
less than 5%. The results from the fragmentation tails were tolerable because the
fragmentation tail is a low dose region, with a small absolute but a high relative
dose deviation. In the five clinical cases, we investigated the dose distributions which
showed differences of up to 3% restricted to local spots. The target volume dose
deviations were found to be up to 2%, the maximum dose difference in the organs at
risk in the clinical plans was 5.9%, although this value and other higher deviations
were found when the expected (prescribed) dose for organs at risk was found to be
far above the observed dose.

Conclusion: The correct prediction of particle energy spectra at a certain depth
in tissue for Carbon ion beams is essential to assess, within acceptable clinical tol-
erances, the RBE-weighted dose in the patient. Therefore, it is crucial to evaluate
the impact of different MC codes, non-elastic models, and nozzle components on the
RBE-weighted dose for Carbon ions. In this study, an independent MC code was
used to simulate the full nozzle for the IRZHBL with Carbon ions. A selection of the
most suitable hadron physics configuration was made based on depth dose profiles
acquired with PPIC at different radii. In total no relevant clinical differences in
the RBE-weighted dose comparison in the TPS RS were found neither in the target
geometries in water nor in the clinical cases in the delivered dose produced by the
beam models 'RSL-FLUKA’ and "MA-GATE’. Consequently, Geant4d/GATE may
be used to independently validate Carbon ion beams for commissioning of a Carbon
ion beam model and the generation of the particle energy spectra required for the
LEM I model and further the RBE-weighted dose computation.
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1

Introduction

Section 1.1 and section 1.2 emphasize cancer as rising disease and problem following
the introductory chapters of [Elial9] and also present a possible solution to it
considering state of the art ion beam therapy [Pompos16].

1.1 Conventional cancer treatment options

In the year of 2018, cancer is the second leading cause of death globally, being
responsible for about 10 million deaths worldwide.[WHO18] There are 5 prominent
behavioral and dietary risks, which lead to a higher risk of evolving cancer: high
body mass index, low fruit and vegetable intake, lack of physical activity, tobacco use
and alcohol consumption. Smoking tobacco is ranked the highest for the mentioned
essential risk factors for cancer and is responsible for approximately 22% of cancer
deaths.[GBD15] From an economic point of view, the impact of cancer as a disease
is significant and increasing. The financial cost of cancer in 2010 was reported to be
at approximately 1.03 trillion Euro.[IARC14|

Every year about 40,000 people develop cancer in Austria. Men are slightly more
affected than women. For both sexes, malignant tumor diseases are the second most
common cause of death, preceded by cardiovascular diseases.[ KSA18]

Three pillars of cancer treatment techniques can be mentioned: surgery, systemic
treatment and radiation therapy. The choice upon these three therapies is complex
and not always straight forward. It depends, among other things, on where the
tumor is located, the stage of disease and the clinical history of the patient. If
possible, a complete resection of the tumor is favorable due to having almost no
impact on the healthy tissue and also a high probability of rapid recovery. This
method can be used in benign tumor cells but is more complex in the case of a
malign tumor. The ability of the malignant cells to spread over adjacent sites
can lead to infiltration of nearby organs and to metastasize in the bloody and bony
tissue. Therefore considering additional treatments like radiotherapy and systematic
treatment is necessary to increase the probability of tumor control. Those methods
are invasive and can cause harm in healthy tissue. To keep these negative side
effects as low as possible further development has to be done. The rise of new
techniques and methods against cancer is noticeable and ion therapy is playing a
significant role as a valid alternative to conventional radiotherapy for more than 60
years.[Wilson46]
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1. Introduction

1.2 Considerations on light ion beam therapy

When we refer to ion beam therapy, we distinguish between light and heavy ion
beam therapy. Light ion beam therapy (LIBT) is dealing with ions with an atomic
number of less than ten. The main reason to consider LIBT is the advantage to be
able to spare the surrounding healthy tissues in comparison to conventional radio-
therapy (photons and electrons). Nowadays, most patients receive treatment with
photons. As photons (x-rays) are produced from an external source and due to
their physical interaction with matter, most of their energy is deposited before the
tumor, in healthy tissue. Energy deposition also occurs beyond the tumor, affecting
additional healthy tissue. A significantly lower amount of patients are treated with
ion beams, mostly due to limited availability of ion beam therapy facilities. The rea-
son for superior physical properties over photons is that ions carry electric charge
and are heavier. These different physical properties result in a different interaction
with matter which we describe in detail in Section 2.1. This leads to sparing of
healthy tissue compared to conventional radiotherapy. However, there are limita-
tions for ion beam therapy, like lateral scattering and uncertainty in the physical
range. [Pompos16| A statistic of 2018 [PTCOG18] shows that more than 220000
patients have been treated with Particle Therapy worldwide. About 190000 of them
have been treated with protons, about 28000 with Carbon ions and 3500 with He-
lium, pions and other ions.

If ions such as Carbon reach the end of their track in the target, their biological
effectiveness is massively increased (up to 3-4 times), while they show compara-
ble relative biological effectiveness in normal tissue as photons. A graph showing
the biological effectiveness vs. the physical dose distribution advantage of different
treatment modalities can be seen in 1.1. This makes heavier ions unique as they
can effectively attack radioresistant tumors and overcome the therapeutic problems
of hypoxia.[Kamadal5] The exact evaluation of the relative biological effectiveness
(RBE) of ions along their path is complex and often treatment planning systems are
not sophisticated enough and need to bypass the detailed description of the RBE-
weighted dose by approximations. This thesis is a small step of many needed for
the accurate description of the RBE-weighted dose ion beam therapy.

Since 1994, the National Institute of Radiological Sciences (NIRS) in Chiba, Japan,
has treated more than 8000 cases with Carbon. This long term collected clinical
experience shows that Carbon ions are effective in treating complex solid tumors,
including adenocarcinoma, malignant melanoma, various types of sarcomas and ade-
noid cystic carcinoma. NIRS played a leading role for Carbon ion beam therapy in
Japan and lead to the planning and establishment of five additional centers in Japan.
Other particle therapy centers able to treat with carbon available in europe beside
MedAustron (Austria) are HIT in Heidelberg (Germany), MIT in Marburg (Ger-
many) and CNAO in Pavia (Italy). Above 80 ion beam therapy centers are currently
operating worldwide and several more centers are under construction.[PTCOG18].
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1. Introduction

Figure. Biological Effectiveness vs Physical Dose Advantage

Biological Effectiveness

Physical Dose Distribution Advantage

Figure 1.1: Biological effectiveness of different treatment
modalities. [Pompos16]

A/

The most intimidating obstacle in developing light ion beam therapy centers are the
high initial capital costs. The complexity of the system which is needed to acceler-
ate the ions to reach deeply seated tumors elevates the costs of a light ion therapy
system compared to conventional photon beam therapy. Right now, accelerator and
beam delivery system research should continue to be supported by the government
and private industry. This would lead to commercialization of the next-generation
accelerator and beam delivery systems that are more accurate and precise and, most
importantly, less costly to build and maintain, which furthermore would result in a
wider availability for patients in need. [Pompos16] A comparison and status for
different treatment modalities from the year of 2016 can be found in Table 1.1.
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1. Introduction

Parameter X-rays Protons Carbon Ions
Volume of irradiated normal tissue  Large Small Smallest
Biological effectiveness

In normal tissue Low Low Low

In tumor tissue Low Low High
Targeting precision Low High Highest
System cost Low High Highest
Worldwide centers, No. Thousands 55 10
Worldwide treated patients, estimate Millions 120 000 15000

Table 1.1: Comparison of X-rays, protons and light ions.

[Pompos16]

The choice of the optimal projectile is not trivial and is an ongoing discussion in
radiotherapy. Studies have shown that neon and Carbon ions are very promising
particles and most suitable for the needs of ion beam therapy. [Chu06][Scholz03]
However, the topic remains open, the data for a detailed analysis of the physical
and biological properties of the ions and a final decision is not yet sufficient.
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2

Theory

This chapter aims to provide the contextual background for the master thesis. We
describe the physical principles of ion beam therapy (IBT) [Sanchez-Parcerisal2],
the role of radiobiology in the patient dose calculation [Chanrion16] and finally
Monte Carlo Simulations in radiotherapy [Boehlen12, GEANT4]| will be consid-

ered.

2.1 Physics of ion beam therapy

Ion beam radiotherapy offers a superior dose deposition over conventional radio-
therapy comparing the beam to beam dose deposition. Photons as well as electrons
deposit the largest amount of their energy in the beginning of their interaction path,
while protons and Carbon ions deposit most of their energy in the form of a peak
at a deeper point, which is called the Bragg peak. The described behavior of the
various particles is shown in Figure 2.1. The Bragg peak can be used to deliver
conformal dose to a tumor while sparing surrounding healthy tissues. The peak
is determined by the characteristics of electromagnetic and nuclear interactions of
the projectiles with the target medium and the depth at which it appears can be
controlled by tuning the initial energy of the ions.

5L 2b4 MeV/u carbon ions ]
| 300 MeV/u carbon ions
ot 1
7]
o
o
o3+ -
>
=
a
O,1 18 MV photons |
1 - -
0 L 1 L L 1 L 1 i 1

0 2 4 & B8 10 122 W 8B 1B 20
depth in water [cml

Figure 2.1: Depth dose profiles of photons, protons and Carbon ions. [Haettner06]
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2. Theory

2.1.1 Stopping of charged particles

For light ions the energy loss is dominated by the electromagnetic interaction with
the electrons in the medium with a little fraction of energy loss being attributable
to the positive cores (nuclear stopping), as shown in Figure 2.2. Nuclear reactions
play a bigger role, if the ions get heavier, while for protons they only play a minor
role.

Range ("C) 1 pm 10 pm 1 mm 10 em
1 1 1 L

1000 .
— € glectronic stopping

== C nuclear stopping

—p electronic stopping

o

(=]

(=]
T

dE/dx [keV/(um)]

200

i ddiaal, Pl ST Y b il I
10 10 102 10+ 100 10" 102 10%
Specific energy [MeV/ul

Figure 2.2: Stopping power of '2C ions and protons in water as a fraction of
specific energy. On the top axis, the corresponding range in water for Carbon ions.
[Schardt10]

The definition of stopping power in a medium, is the average ion energy loss per unit
path length [ICRU94] and can be described by the Bethe-Bloch equation [Bethe30,
Bloch33]. Since 1933 the initial equation has been modified and a detailed review
of the updated equation can be found in [Ziegler99|.

Above approximately 1 MeV /u the equation retains validity [ICRU94]. It expresses
the mass stopping power of a medium, in terms of the stopping number L(/?), as

2, 2
3o L2 ), 2.)
p B uA
e is the classical electron radius, m.c? is the electron rest mass energy, 3 is the
particle velocity as a fraction of the velocity of light in vacuum, u is the atomic
mass unit, Z is the atomic number of the target medium and A is the mass number
of the target medium.
The stopping number, L(3?), is usually expressed as a power series of z, which rep-
resents the atomic number of the projectile, up to second order, L(3%) = Lo+ 2zL1 +
22L,. Therefore the stopping number can be written as
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2. Theory

1. 2m.?B*AE ., o)
L(ﬁ?):[(an e —52>—ln<1>—Z—2 oLt 2L, (22)

In eq. 2.2, f(3%) represents the first expression in brackets, which accounts for
most of the dependence of the stopping number with the particle velocity. AE,,q.
is the largest energy loss in a single collision possible. AE,,,, can be approximated

to ~ Q"fj‘:;fg [Ziegler1999], which yields a simplified expression for f(3?),

2m.c? 32

f(8%) = lnl_iﬁz -5 (2.3)

The second term, In < I > represents the logarithm of the mean ionization potential
of the medium, which encloses most of the dependence on the target material.

%, the shell correction term, accounts for the internal structure of the target atoms,
only significant at low energies, in the range of a few MeV /u. 6/2, the density cor-
rection factor, accounts for polarization effects in solid media and only plays a role
for ultrarelativistic energies, above 1 GeV /u. zLq, the Barkas first-order correction,
models the difference between negatively and positively charged projectiles. This
term has decreasing importance with increasing particle energy. 22L,, the Bloch
second-order correction, is only relevant at low energies. To demonstrate the influ-
ence of the corrections on the Bethe Bloch equation the contributions of the different
terms are shown in Table 2.1 The relevant energies for particle therapy are in the
MeV /u range.

Percent contribution towards Stopping Number L

Proton Lo f(p Shell+ 2 L: L:
Energy In<I> Density Barkas Bloch
(MeV) Corr. Corr. Corr.
1 9595 3095 -207 - 0.0004 5.239 -1.187
5 98.84 2277 -126.1 - 0.0007 1.308 -0.1479
10 99.25 2082 -107.3 -0.0016 0.8124 -0.0632
50 997 180.5 -80.48 -0.0133 0.3116 -0.0101
100 99.79 1732 -73.15 -0.0388 0.2141 -0.0049
1,000 9993 157.8 -56.85 -0.9614 0.0661 -0.001

Table 2.1: Percentage contribution to stopping power number L for protons in alu-
minium, of the different correction terms for the Bethe Bloch (eq. 2.1). [Ziegler99]

In the clinical energy range, the biggest correction appears to be from the In < I >
term. It is common to adjust I to the experimental data, where it is available and
to interpolate it where it is unavailable [Gottschalk04].

As L(3%) varies with 32, the term on 5—12 from (eq. 2.1) dominates in the therapeutic
energy region. As velocities rise, atoms start to lose their electrons and the projectile

7
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2. Theory

charge is equal to the atomic charge number Z. At lower energies, Z in (eq. 2.1) has to
be replaced by effective charge Z. s, given by the empirical (eq. 2.1.1) [Barkas63],
due to ionization and recombination processes.

Zopr = Z[1 — exp (—1258275)] (2.4)

The Bragg peak position is determined by the maximum energy-loss rate. The
maximum energy loss rate for protons is about 25 keV and about 350 keV/u for
Carbon ions

A more detailed view on the physical processes of stopping particles in matter can
be found in the ICRU Reports 49 and 73. [ICRU94, ICRUO05]

2.1.2 Ranges of particles in matter

If the stopping power of a charged particle in a medium is given, the pathlength P
of a particle with kinetic energy 7" can simply be numerically calculated by [Janni82]

P(T) = /0 <f£>_1dE. (2.5)

T

This approach is called contionous slowing down approximation(CSDA). In the case
of charged particles, it is very similar to its mean range of R, which is the traversed
absorber thickness. The heavier the ions, the less they scatter, which results in their
trajectory being an almost straight line. Energy loss happens mostly due to ioniza-
tion and it is prone to statistical fluctuations. This leads to different paths and pen-
etration depths of particles with identical initial energy. This results in a broadening
of the peak in the depth dose distribution, especially for lighter ion beams. This phe-
nomenon is called energy- or range-straggling. [ICRU94, ICRUO05, Sigmund09].
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fluence

diff fluence

depth

Figure 2.3: Illustration of R0 = d80 [Bortfeld97]. Different measurements with
three proton beams of the same energy and with different initial energy spreads.
Top: fluence, Middle: differential fluence in energy, Bottom: dose distribution

[Gottschalk04]

Energy loss caused by the transfer via electromagnetic interaction with the target
electrons of the particles follows a Gaussian distribution for a sufficiently thick ab-
sorber [Schardt2010]. The variance of the range straggling 0% is correlated to the
variance of energy losses 0%.The formula gives the width of the range straggling

o () -

E and m are the projectile’s energy and mass and f is a slowly varying function
which accounts for the medium dependence [Rossi52]. Carbon ions experience less
straggling, by a factor of 3.5, compared to protons due to the term \/—%

The definition of the range in a beam is the distance at which half of the fundamental
particles have stopped [Gottschalk04]. Therefore information about the particle
fluence is essential, but it is the dose distribution what is most often measured or
characterized. The work of [Bortfeld97] brings these two concepts together. The
expression R0 = d80 represents the mean range, which is equal to the distal 80%
point of the Bragg peak. Figure 2.3 shows this for different beam energy spreads for
proton beams of the same initial energy.
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2. Theory

In the work of [Bortfeld97], a power law relation between ranges and initial ener-
gies of particles beams has been established in the form of Ry = o * 7%, which is
shown in Figure 2.4 for the clinical energy range.
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Figure 2.4: Relation of range and energy for protons and Carbon ions in water.
Data taken from [ICRU94] and [Sigmund09] fit to Ry =a*T*? with 3=1.65 for
Carbon ions and with f=1.74 for protons.
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2. Theory

2.1.3 Multiple Coulomb scattering

Multiple Coulomb scattering leads to the spread of a beam of charged particles along
their path through a medium. Multiple Coulomb scattering is the result of numerous
single Coulomb scattering events with the atomic nuclei. From a classical point of
view, the ratio of masses between the projectile and the target determines the angle
and the energy transfer of the scattering. Therefore, atomic electrons are negligible
when we investigate the scattering of ion beams since their mass is roughly about
1836 times lower than that of the incident protons. The heavier an ion is, the less
it suffers from scattering and thus heavier ions have a narrow shape of the lateral
penumbra which is beneficial for accurate dose deposition in clinical use.

The foundation of the multiple scattering theory was set by Moliere, who studied
the single scattering in the Coulomb field of a nucleus and then did combined anal-
ysis with the statistical effect of several nucleilMoliere47, Moliere48]. Moliere
had some assistance of Bethe [Bethe53] and Fano [Fano54| who contributed with
some minor corrections to his model. Today the theory is seen as complete and valid
[Gottschalk93].

A simple approximation of the multiple scattering theory can be computed by
quadratically adding up the results from the single scattering events at each step,
making use of the central limit theorem. With this rough estimation, the outcome
follows a Gaussian distribution for the scattered angle. This approach is only valid
if the single scattering contributions are small enough [Gottschalk93|, which is
not the case for Rutherford scattering (single scattering in the Coulomb field of a
nucleus).

In Moliere’s theory, the single Gaussian parameter is replaced by a more sophis-
ticated set of parameters, which is also dependent on the target particle and the
properties of the projectile. An angular distribution with a three-term power series
is the result, the former term of the series is a Gaussian. For the particular condition
of small angles, this more sophisticated approach can be approximated by a Gaus-
sian distribution which is not precisely the first term of the series. [Gottschalk04]

Lynch and Dahl [Lynch91] suggested that an approximation, by a Gaussian func-

tion, of the scattering angle distribution can be applied

£(6,0)dbde = —— 25 dgdo, (2.7)

2162

where the mean scattering angle, 6, is expressed by the empirical Highland’s for-
mula [Highland75]

11
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13.6MeV | L L
0 = ——2z4/— |1+ 0.0881 — 2.8
L oo z L [ + 0810 (LR>] ) ( )

where p, v and z are the momentum, velocity and charge of the projectile. L
and Lp are the target thickness and the radiation length respectively.

2.1.4 Nuclear interactions and fragmentation

In addition to electromagnetic interactions, ions undergo nuclear interactions, in-
duced by nuclear forces.

We distinguish between two types of nuclear interactions: elastic and non-elastic.
[ICRU2000] A scatter process is considered elastic if the total kinetic energy is
conserved, so a target nucleus scatters the projectile and they both keep their inter-
nal state constant. For nuclear interactions which are non-elastic the kinetic energy
is not conserved, which means the target nucleus or the projectile (or both) undergo
nuclear fragmentation, or they do change their quantum state. Another interaction
occurs if an ion species conserves their identity before and after the collision, and
only changing their quantum state.

The most common nuclear interactions for particle therapy are non-elastic. They
usually happen as a two-step process, which is shown in Figure 2.5. A more precise
description can be found in [Serber47|. Two nuclei overlap and form an excited
system, which is later de-excited as fragments leave the system or change their in-
ternal quantum state.

projectile

O

projectile spectator

#
| o ) prefragment( \ v \ C;u"’;eﬁ Oo v,
\\’ \ == = S Re) e L A
(J | U <> f// \, h ex'ap\(;ration
leons
) \__ /O/ nucleon

target target spectator i

Figure 2.5: Nuclear fragmentation as a two step process. [Haettner06|

Nuclear interactions have an impact on the particle fluence. The number of primary
particles decreases as the beam travels through matter, which means that the pri-
mary particles undergo nuclear non-elastic interactions and lighter fragments and
other secondaries will replace the heavier primary particles. Figure 2.6 shows the
build-up of different fragments for a typical Carbon ion beam at therapeutic ener-
gies.
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Figure 2.6: The image on the top shows a depth dose distribution of a 200
MeV /u Carbon ion beam. The black line represents the total dose, blue dashed and
solid lines are primary ions and its fragments. (calculated with MC code PHITS
[Nitta06))

The image on the bottom shows the Bragg peak build up and fall off.
[GunzertMarx08]

Characteristic for those interactions are the charge-changing and nuclear cross sec-
tions. The cross sections for protons are presented in [ICRU2000]|, while for a
selection of heavier ions, cross sections are available in [Boehlen10], but due to a
limited amount of data, the cross sections for the latter suffer from a higher amount
of uncertainties.

Nuclear effects are barely visible in a depth dose distribution for protons but as the
ions get heavier the amount of dose produced by nuclear effects is clearly noticeable
in the depth dose distribution. Primary particles heavier than protons show the
characteristic dose tail, which is caused by secondary fragments, mainly protons,
deuterons and Helium particles. Projectile fragments keep most of the velocity of
the primary particle, but due to their lower charge, their electromagnetic interaction
with the target is weaker, so they can reach beyond the range of the primaries, form-
ing a tail. To essentialy model the effects of charged particles and furthermore the
radiobiological effects, a preceise knowledge of the fluence of primary and secondary
particles is important. Individual particles deposit energy in different ways and thus
originate different radiobiological effects.
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2. Theory

2.1.5 Linear energy transfer (LET) in a mixed radiation
field

As already mentioned in the previous Section, the Carbon ions experience inelastic
nuclear interactions along their track due to their interaction with matter, which
leads to nuclear fragmentation and thus to the production of numerous recoil ions.
This secondary charged particles create a mixed radiation field, which has to be
considered in the prediction of the dose in the Treatment Planning System (TPS)
and plays an important role in the prediction of biological effects. A mixed radia-
tion field is defined via the particle T and energy E for each particle (T3, E;) and
contributes to the total dose with a fraction f; that is voxel dependent.

Each voxel yields a biological effect, related to the dose deposited in it. Therefore the
dose-average LET has to be calculated in each voxel. [Kanai97, KraemerScholz06]
The definition of the dose average LET follows the [ICRU70] and it is a distribution

generally expresse as
_— Joe L*t(L)dL
LETp, = ——F7-"— 2.9
PP e Lt(L)dL (2.9)
where t(L)dL represents the fraction of the total track lenght 7', describing values
of the LET between L and L + dL. Each radiation component 7, of any type and
energy, is taken into account in order to calculate the dose average LET in a pixel

p. With this consideration, the previous equation can be written as
Jiri LET;dj

[iridi
In (eq. 2.10), dj describes the dose, while rj represents the weighting factor for

each radiation component j. This calculation of the biological response in a mixed
radiation field can be time consuming and a complex task.

LET), = (2.10)

2.1.6 Track structure in a mixed radiation field

To estimate the impact of the charged secondary particles of our fragmented Carbon
ion beam, we need to take a look at the track structure in a mixed radiation field.
Electrons of the medium are ejected around the ion trajectory for each ion in the
beam. This causes a distribution of ionizations and excitations around the ion path,
which is referred to as track structure. The track structure of a low energetic Carbon
ion beam is shown in Figure 2.7. Delta electrons are ejected in the forward track
and delta-electrons are interacting with the medium resulting in a penumbra. To
calculate the biological effect, models often use amorphous track structure models to
compile and add up the numerous particle tracks, as well as to calculate the energy
deposition. Track structures can also be represented by radial dose models, which
expects the average dose at a certain point from the center to the ion trajectory.
For each track, the radial dose D(r) is calculated.

14
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Figure 2.7: Track structure of a 24 MeV Carbon ion beam. On the top, the track is
recorded along 15000 nm. On the bottom, the first um is depicted. (figure adapted
from [Colliaux09]).

The first to propose the use of track theory for heavy particle therapy was
[KatzSharma74|. [Waligorski86| has used track theory for the calculation of the
radial dose in the frame of cell inactivation. [ScholzKraft96] have proposed an
advanced model with the use of the normalization factor and r the radial distance.
If we integrate the whole track, the result is the LET and for r < r,,;, the radial
dose distribution is a constant. A detailed description of the advanced radial dose
distribution has been given in [ElsaesserScholz07] as follows

ﬁ%ﬂ if r < 7rn
D(r) = {228 if roi <7 < Ponas (2.11)
0 if 7> rmee

where )\ is a normalization constant and r the radial distance to the primary ion

track. With r > 7,,,, the dose gets negligible. It has been found by [ElsaesserScholz07]

that 7,,;, = 10 nm. Total dose contribution around the track can be expressed as

Tmazx a 2

"orardr + 27 TT;"" dr. (2.12)
Tmin r

Tmi

Se = /Tmm 2w D(r)rdr = /
0 0

An alternative track structure model is the Kiefer-Chatterjee model. Explained
by [Kase08| this model combines the Kiefer model [KieferStraaten86| for the

15
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2. Theory

description of the penumbra track structure, while it uses the Chatterje model
[ChatterjeSchaefer76] for the core radius description. In this combined model,
the core radius R., is expressed with the ion velocity relative to the light velocity

R.=0.0116 X Bion. (2.13)
The description of the penumbra radius R, is as follows
EN\LT
R, = 0.0616 x (A) , (2.14)

with the energy £ and A being the mass number. The penumbra dose D, and the
core dose D,.., which is constant are formulated by

* 2
D,(r) = 1.25 x 10—4<; ) r2, (2.15)
and
1 (LET, R,
Dc(r)—7TRz< - —sz,,zn(RC)). (2.16)

In (eq. 2.15) z* describes the effective charge (similar to (eq. 2.1)), while S, is the
ions velocity relative to the velocity of light in vacuum following [SakamaO05].

In the track core, the number of events and also the energy transfer is high enough
to quantify the radial dose in the core as an average. This is not the case for the
penumbra track. Events are very fluctuating in event number and energy transfer.
Therefore an average dose for describing the penumbra track would lead to wrong
estimations in many cases. Inaccuracies in this model were evaluated by [Beuve09].

2.1.7 Fluence and energy fluence

According to ICRU report 85 [ICRU85] ®, the fluence, described as the quotient of
dN by da, where dN is the number of particles incident on a sphere of cross-sectional
area da, thus

_dN
=
and W, the energy fluence, the quotient of dR by da, where dR is the radiant energy
incident on a sphere of cross-sectional area da, thus

_dR
=

P (Unit: m™?) (2.17)

v (Unit: Jm™?). (2.18)

Using a sphere of cross-sectional area, da is the most simple way to consider the
area da perpendicular to the direction of each particle. It has been mathematically
demonstrated by Papiez and Battista [PapiezBattista94|, that the ICRU fluence
definition is equivalent to :

di
b =— 2.19
dv? ( )

where dl expresses the length of particle trajectories in the observed volume dV'.
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2. Theory

2.2 Radibiological aspects of IBT

The aim of radiotherapy is the destruction of tumor cells by means of ionizationg
radiation and this is achieved by damage in the DNA. The destructive potential of a
radiation type depends on the type and intensity of the induced lesions. Radiation
damage can result in single-strand breaks (SSB) or double strand breaks (DSB).
SSB are lesions where only one strand of the DNA double helix breaks and they are
compared to DSB easy to repair by the DNA repair mechanisms. DSBs, where one
strand breaks twice or both strands are damaged, are more complex to regenerate
for the repair mechanisms and most cell killing is induced by clustered DSBs in the
DNA.

Direct or indirect damage can be caused to the cell, by the action of radiation.
Direct damage results from directly deposite energy into the DNA, whereas indirect
damage can be caused by radiation within the molceular environment surrounding
the DNA forcing chemical reactions with the molecule. In a cell environment which
suffers from hypoxia (decreased oxygen supply), indirect damage is often reduced,
because less toxic chemical reactions happen, which results in large radioresistance
of the tissue.

To be able to do precise treatment planning, it is mandatory to understand the
survival response of the cells to irradiation. A universal and commonly accepted
model, with room to improve, shows the relation between the cell survival S and the
absorbed dose D is the so-called linear-quadratic (LQ) model, which is expressed as

S(D) = el-o=8D%), (2.20)

where o and [ are parameters, that depend on the cellular properties.

The ratio of these two parameters % indicates the radiosensitivity of a particular
tissue type.

To compare the effect of photon radiotherapy with the effect of charged particle
radiotherapy, the concept of relative biological effectiveness (RBE) was introduced,
as the ratio of photon dose to the dose with any other particle to produce the same
biological effect (see Figure 2.8).

The actual value of the RBE will depend on the endpoint and commonly refered
endpoints in cell survival are the RB Ejq (survival of 50% of the cells) and the RBE),

(survival of 10% of the cells).
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Figure 2.8: Definition of the RBE demonstrated via cell survival curves. [Kraft00]

The RBE of charged particles depends on their energy exhibit. To control the total
energy deposition in the healthy region and tumor area, a selective increasing RBE
in the Bragg peak area over the entrance channel is advantageous.

In clinical proton radiotherapy, the RBE value is approximated to be constant, equal
1.1 and used to weight the dose, which is shown in Figure 2.9. It remains an approx-
imation and studies show a dependency of the RBE on tissue type. [Paganettil6]
In Carbon ion therapy, the calculation of RBEs is complex, since it varies along the
beam path because of differences in LET and particle spectra seen in Figure 2.9.
There are two prominent approaches to calculate the RBE for Carbon ion beams
used for patient treatments, namely, the Local Effect Model (LEM) and the Micro-
dosimetric Kinetic Model (MKM).

CARBON ION BEAM
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0.8 Normalized
7 isoaffective
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Figure 2.9: RBE weighted dose (red) and physical dose (black) distributions are
shown for protons (left). [TAEA2008|
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2. Theory

2.2.1 Dose response models for ion beam therapy and the
history of biophysical models

In the past 40 years there were several proposals for high-LET beam dose response
models. It is usual to define the biological endpoint with x-ray and in vitro. As
already mentioned in the previous Section, the RBE is defined as the dose of ions
which is needed for the same level of effect as the dose which is induced by pho-
tons. Different biophysical models for different purposes (clinical, mechanistic and
microdosimetric) were developed for modeling RBE in various high-LET applica-
tions. Neutron therapy was a standard clinical high-LET treatment offered to
large cohorts of patients, especially in Asia. [CarabeFernandez07] explains the
[KellererRossi72] measured RBE values for a range of biological endpoints and
several high-LET particles, with a whole "theory of dual radiation action". To
briefly explain the theory, it is based on the assumption that lesions in the DNA are
created by pairs of sub-lesions together with microdosimetric considerations paired
with quantification of the radial dose. Pairs of sub-lesions which occur at a sensitive
site will result in a certain biological effect. In the theory of dual radiation action,
the biological effect is highly correlated with energy deposited in the sensitive site.
In Japan at NIRS, pioneers of Carbon-ion beam therapy, used an approach based on
their yearlong experience of therapeutic neutron beams and a dose-response model
which depends on well known in vitro cell lines, that can be found in [Kanai99].
This model later evolved into the microdosimetric kinetic model (MKM)[Inawal0]
and more recently into the modified microdosimetric model (MMKM) [Yizheng17].
At Europe in GSI and Heidelberg, the Local Effect Model(LEM) is used in clinical
treatment, which also covers the calculation of the lethal damage of ions under sev-
eral conditions of irradiation. These models are continuously improved and also the
fundamentals do change, for instance, by the influence of the probabilistic two-stage
model by [Kundr05].

In the following, only the biophysical model implemented in the clinical treatment
planning systems (TPS) at MedAustron, which is in use for patient treatments, will
be presented.

2.2.2 Local effect model

At MA, CNAO, GSI, HIT and MIT, an active beam scanning system is used to
allow better dose conformity. The biological effectiveness differs for each spot scan
and voxel, therefore an analytical radiobiological model rather than a fixed table of
RBE values is preferred. MA, CNAO GSI, HIT and MIT are using the Local Effect
Model (LEM). [Scholz97, KraemerScholz00, Kraemer06].

The basic idea of the LEM is that a cell will get inactivated after ion irradiation is
determined by evaluating the local spatial dose distribution inside the cells nucleus.
The local spatial dose is calculated with a track structure. It is a radial dose model
which is considered in a subvolume. Further, more lethal effects are calculated inde-
pendently of the radiation quality with the linear quadratic model (LQ), which uses
parametrized cell response compared to photons. In the end, the biological effects
in the subvolumes are calculated and are integrated to estimate the total survival

19


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2. Theory

probability.

1.

Assuming that the distribution of lethal events follow a Poisson distribution,
the cell survival probability is

S(D) = e~ Niethat (D) (2.21)

Dose-response of a cellular system affected by ion radiation with the particle
type T and the energy F follows the behavior (LQ model)

—In(S) = a., D, + 3.D?, (2.22)

and D, is the specific energy deposited by a particular ion type 7" with energy
E in the cell nucleus. a, and 3, are the parametrized radiosensitive values for
a single monoenergetic particle.

The local dose D, is calculated via a track structure radial dose model. With
this local dose, calculated in all three dimensions x,y, z, the number of lethal
events calculates as

Nion = / dvvion[d(xa Y, Z)]a (223)
Vnucleus

where v;,,, represents the lethal event density.

It is assumed that the local dose can be directly connected to the macroscopic
dose D, neglecting the stochastic effects. v;,, can then be directly linked to
the lethal event density of the radiation of reference.

Vion(d) = v,(d) = _Znifx)

The final consideration that the sensitive sites are distributed homogeneously
over the cell nucleus leads to

(2.24)

In(S.)

Nion = /V v (2.25)
and [n(S,) is taken from the LQ model. To predict In S, the LQ needs four
input parameters, «, 5, D; and 7,4, while LEM I provides an initial calcula-
tion of the initial cell survival for a monoenergetic particle. These four input
parameters are listed in look-up tables for each pair of particle type T" and
energy F.

Due to observing some discrepancies with in vitro experience, the LEM received a
few updates in the last years [Elsaesser12, Friedrich13, Gruen12, Gillmann14].
There is still room for improvement of recent TPSs, in the context of clinical treat-
ment for the validation of the newer models.

2.3 Monte Carlo particle transport simulations

2.3.1 Monte Carlo codes in clinical practice

In order to simulate particle transport in medium, MC methods are commonly used
as a tool for validation in clinical practice. Built Physical models and a detailed ma-

20


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2. Theory

terial description in the code guide the particles along their path through the patient.
The most popular general purpose codes, are FLUKA [Ferrari05, Boehlen14],
GEANT4 [Agostinelli03, Allison06], MCNPX [Waters02, Pelowitz11] and
PHITS [Iwase02]. There exist more user-friendly macro codes, where complex ex-
perimental settings are easy to configure, such as GATE [Sarrut14, Jan11]. Guide-
lines for setting up independent Monte Carlo dose calculations for ion beam therapy
facilities are presented in [PaganettiO8] for proton therapy and in [Parodil2] for
Carbon ion therapy.

2.3.2 MC techniques for dose calculation

The application of MC codes in ion beam therapy started to increase over the
last decade. Among others, due to the need for accurate dose calculations in high
dose gradients occurring in particle therapy. Currently, several inverse treatment
planning systems are based on analytical pencil beam algorithms. Fast computation
times, paired with acceptable accuracy, match the expectations for clinical needs in
most cases. In some more complex treatments, the approximations in the pencil
beam algorithms are an issue. To be highlighted are cases with large heterogeneities
in the patient geometry. [ParodiO7] In ion beam therapy, high treatment conformity
dose distributions are more sensitive to organ movement, density variations and
heterogeneity effects compared to conventional radiation therapy. MC codes can help
to address one link in this interleaved chain, relevant for the correct and successful
treatment delivery, by facilitating an increased accuracy in the dose and fluence
computations in the patient. This may allow, for example, to decrease treatment
margins for complex geometries, reducing the integral dose received by the patient
as discussed by [PaganettiO8]. Here we present a short list of the benefits of MC
particle transport codes over analytical algorithms [Ferrari02]:

 include heterogeneities in the simulation setup

e are not approximating for the atomic composition of tissue (in comparison to

the water-equivalent approach)
« can model the physical interactions with the state of the art physical models
 allow more freedom compared to anaylitical approaches

2.3.3 The Monte Carlo method

Different combinations of composition and rejection Monte Carlo methods are used
in the Geant4 toolkit [Allison16] [Apostolakis09] [Agostinelli03]. To give an
idea, only the fundamental formalism of these methods is outlined here. For a
more detailed description, the interested reader is referred to these publications
[Messel70] [Nelson85] [Butcher60]. To sample x from the distribution f(x), in
the interval [z1, 5], the normalised probability density function is given as

£(0) = ¥ Vi) (2:20

where we assume N; > 0. f;(z) are normalised density functions on the intervall
[z1,22] and 0 < g;(x) < 1.

21


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

2. Theory

With this method, x can be sampled as:

1. selecting a random integer i € 1,2, 3,...n with proportionality to /N;

2. selecting a value z( from the distribution f;(x)

3. calculating g;(z) and accept x = xy with probability g;(x¢)

4. if xq is rejected restart from step 1.
The mean number of tries to accept a value is given by >, NV;. A good method of
sampling from the distribution f(z) has the following properties:

« sub-distributions f;(x) can be sampled easily

« rejection functions g;(x) can be evaluated easily and quickly

« mean number of tries is not too large
Thus the different possible decompositions of distributions f(x) are not equivalent
and this can be abused to optimize the decomposition to obtain less computation
time.

2.3.4 Particle Transport

Condensed history algorithms are used to simulate transport in cumulative effects
of multiple collisions approximated in a single "step" of the user defined path length.
This step is the distance that each Monte Carlo particle travels between collisions. In
Geant4, particle transport is a combination of the Geant4 stepping manager class,
the physics processes and the transportation ’'process’, which identifies the next
volume boundary in addition to the geometrical volume that lies behind it, when
the track has reached it. The length of interaction is expected to occur determined by
summing up all processes applicable at each step. Now the particles are determined
and will remain within the current volume, or to cross into a different volume before
the potential interaction occurs. The main contribution for the determination of the
trajectory of charged particles, including the boundary crossing and effects of fields
from the outside, are multiple scattering and the transportation process.

True step length

Particle transport in Geant4 is performed step by step. The true step length for
the next physics interaction is randomly sampled using the mean free path of the
interaction or by given step limitations in the Geant4 code. The new true step
length is always defined by the smallest step limit. To compute the mean free path
length of a particle in media, GEANT4 uses the cross-section of a particular physics
process and the density of the involved atoms. The number of atoms is given per

volume as:
NAp
n —= ——

1
where N4 is the number of Avogadro, p describes the density of the medium and A
is defined as the mass of a mole.

If the material is compound, built with different materials, the number of atoms per
volume of the i** element is

(2.27)

Napw;
n; =
A;

. (2.28)
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2. Theory

with w; being the proportion by mass of the i element and A; is defined as the
mass of a mole of the i element.

The interaction length A, also known as the mean free path of a process, can be
described in terms of the total cross section X:

—1
AE) = (S < o(2,5)) (229)
(2

and o(Z, E) describes the total cross section per atom of the process and o; is the
index over all elements of the compound material.

Part of the right side of the equation above Y;[n; X 0(Z;, E)] is known as macroscopic
cross section. To speed up simulations, cross sections per atom and mean free path
values may be tabulated during initialization.

The mean free path A cannot be used directly to sample the probability of interaction
in a heterogeneous detector, due to the dependence on the medium. The mean free

path of a particle is defined as

T2 dx
ny = . 2.30
A / Az) (2:30)
However, this number is not dependent on the material transversed, so we assume

n, is a random variable denoting the mean free path from a given point to the point
of interaction, the distribution function of n, is given as

Pn,<ny)=1—e™ (2.31)

To calculate the total mean free path, the particle travels before reaching the inter-
action point, ny, the equation

, Ax
R o)

is used, which is sampled as n)y = —log(n) at the beginning of the trajectory. 7 is
a random number uniformely distributed in the ranging from 0 to 1. n, is updated
after each step A until the step originating from s(x) = n, x A(x) is the shortest,
which triggers the specific process.

(2.32)

Step Limitations

The brief description of particle transport is known as the differential approach.
This method imposes a limit on the step size, due to the energy dependence of
different processes and particles. It is also assumed that the step length is chosen
small enough so that the cross sections of particles remain approximately constant
during one step. The disadvantage of using a small step size is the increase in com-
putation time and also the default model of energy fluctuations will not be accurate
for fine steps. Therefore, a good compromise between the required accuracy and
computation speed of a detailed simulation is essential. To overcome this problem,
the integral approach is used, where the cross sections are corrected for the varying
energy.
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2. Theory

Transportation

The process of transportation regulates the geometrical limits of a step. Calculating
the step length, a track will cross into another volume. If the track crosses the
boundary, the transportation process registers the entrance of the next volume.
When there is an electromagnetic field and a charged particle tries to propagate
through it, the transportation process is responsible for the particle in this field,
dependent on an equation of motion. This equation of motion can be provided for
a case of an EM field but also for other sorts of fields. In general, it is described as

dp 1= ~ _

£:;F:%@+ﬁxm. (2.33)
Propagation of the polarisation and gravitational field effects in case of slow neutral
particles are taken into account by Geant4.

24


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

2. Theory

2.3.5 Hadronic physics models

Although there are many different multi-purpose MC codes, most of them follow
a similar modeling scheme for the description of building the hadronic physics and
subsequent reaction processes. The common approach to describe hadronic interac-
tions is referred to as ‘'microscopic’ approach, where a physical basis motivates every
single step. Physical models in Geant4 as in FLUKA and other MC codes always
aim to be validated, theory-driven and benchmarked with data at the single inter-
action level. For these predictions, the set of free parameters shall be fixed for all
energies and target-projectile combinations. [Ferrari02| In general, the scheme for
hadron-nucleus interactions in GEANT4 is described by the following stages which
switch from initially dynamical to a statistical treatment:

» Glauber-Grigove cascade (>1 GeV) and intra-nuclear cascade

e Pre-equilibrium stage

o Equilibrium de-excitation stage: evaporation, fission, Fermi break-up

» Radioactive decays
The hadronic physics in Geant4 are defined to cover the user specified reactions
which can produce hadrons in its final state. Therefore it covers purely hadronic
interactions, lepton- and gamma-induced nuclear reactions and radioactive decay.
The Geant4 process starts with the cross sections to determine the interaction oc-
currence followed by a model describing the final state of the interaction. Cross
sections are given in an energy range from sub-eV to TeV, depending on interaction
and particle. Multiple models are available in specific energy ranges to provide al-
ternative approaches for different applications. An overview of the given physical
model topics is shown at the end of the chapter in table 2.2.
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2. Theory

Geant4 is widely used in a variety of application domains, including high energy
physics, nuclear physics, astrophysics, space engineering and medical physics. Some
of these domains have a strong requirement of nucleus-nucleus interactions in their
simulations. Geant4 provides the Binary Light Ion Reaction model and the Wilson
Abrasion and Ablation model for those interactions. The Wilson Abrasion model is
a simplified macroscopic model based largely on geometric arguments at the cost of
accuracy. Nuclear ablation has been developed to provide a better approximation
for the final nuclear fragment from an abrasion interaction.

However, the Binary Light Ion Reaction Model has a limitation for applicable nuclei
and the prediction power of Wilson Abrasion and Ablation model does not always
satisfy user requirements.

The demand for a native Geant4 model which supports all types of nuclei with better
prediction power compared to the Binary Light Ion Reaction Model was increased
and hence a new Quantum Molecular Dynamics (QMD) model was developed. For
the description of the two most used physics lists, we follow [Koi08].

Binary Light Ion Reaction Model in Geant4

The Binary Light Ion Reaction Model in Geant4 is an extension of the Binary Cas-
cade model used for light ion reactions. Binary Cascade is a mix of the classical
cascade code and the QMD description.[Folger04] The basic idea of the model
follows a detailed description of a 3D nucleus. All participating particles will be
transported into the nucleus, where the particles experience binary interaction with
internal nucleons, therefore only two nuclei always interact. Each participating par-
ticle is treated as a Gaussian wave packet and the total wave function is assumed
to be the direct product of the participants, thus each interaction is treated in-
dependently. The resulting equations of motion are then derived from the wave
function and appear in the same structure as the classical Hamilton equations. The
Hamiltonian is calculated from the simplified time-independent optical potential in
the Binary Cascade model. The participating particles of the Binary Cascade are
either a primary particle including nuclei in the projectile nucleus or are particles
generated or scattered in the cascade and only the participating particles are prop-
agated into the nucleus. This model is not recommended for heavy ion reactions,
as interaction between the participants is neglected. The principle of Pauli checks
the binary collisions of participating particles with the residual nucleus. Also, decay
interactions of particles in resonance are included and the principle of Pauli applies
to them as well. The particle participants are tracked until either a reaction, decay,
escape or capture of the nucleus occurs. If the cascading calculation is done, the
residual nucleus is investigated and passed to the low energy models implemented
in Geant4 for additional particle emissions.

Quantum Molecular Dynamics Model in Geant4

The extension of the classical molecular dynamics model is called quantum molec-
ular dynamics (QMD) model.[Koi06] It is used to analyze a wide range of heavy
ion reactions, in particular, many-body processes and the formation of complex
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2. Theory

fragments. The major differences between QMD and Binary cascade are
1. in the definition of participating particles.
Nucleons in the target and projectile nucleus are considered as particles par-
ticipating in the QMD model. Thus each nucleon has its wave function and
the resulting total wave function is a direct product of each nucleons wave
function.
2. in the potential term in the Hamiltonian.
The potential terms of the Hamiltonian are given as self-generating from the
system configuration, they are calculated from the relationship between the
particles in the system. This stands in contrast to Binary Cascade where
the participant particles are tracked sequentially, while in QMD this happens
simultaneously. This results in a dynamically changing potential with the time
evolution of the system.
3. in the interactions of the participating particles.
There is no rule denying participating particles to interact with each other in
QMD participant-participant scatterings are naturally included.
Thus QMD achieves a more detailed description of the nuclear reactions but with
the cost of slower computing.

Liege Intranuclear Cascade model

Unlike the other two models, INCL++ models the nucleons as a free Fermi gas in
a static potential wall. The targets and projectiles which can be modeled by the
INCL++4 model are limited to a mass number of up to A = 18.

Cross Section of Nucleus-Nucleus Interaction

Hadronic cross section interactions are not fundamentally implemented in any model.
Although the models need the cross sectional data in order to model Nucleus-Nucleus
(NN) interactions properly and decide where they will happen in the geometry of
the simulation. There are different validated models which take care about cross
sectional formalism in NN collisions [Kox87]| [Shen89] [Sihver93] [Tripathi97]
and [Tripathi99]. These are models which give empirical and parametrized formu-
lae with theoretical insights and provide the reaction cross sections of a wide variety
of projectile-target combinations. These cross sections also are a part of sampling
the impact parameter in the QMD model.
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2. Theory

2.3.6 Electromagnetic physics constructors

Electromagnetic physics constructors were first published in [Apostolakis09], were
extended in [Ivanchenkol1] and became stable in recent releases of Geant4
[Allison16]. The default electromagnetic physics is built by the G4EmStandard-
Physics constructor. Internal tables for energy loss, range and cross sections are
built from 100 eV to 100 TeV. These limits are defined based on LHC experiments
requirements. Upper limits of applicability of various electromagnetic processes are
more significant and are process dependent. For example, muon models are valid
up to 1 PeV. To provide particle transport for all use-cases, the operational energy
range goes down to zero, but below one keV the accuracy of the default set of mod-
els is degraded substantially. The Geant4 toolkit includes many alternative physics
models, especially, for electromagnetic physics. There are several well-established
configurations recommended for different applications. For electromagnetic interac-
tions, EMZ Opt4 standard physics are recommended for ion beam therapy (ion and
proton stopping uses the ICRU73 data and finer step limits). [GateUserGuide]
The EM Opt4 physics list uses "standard" Geant4 electromagnetic physics as built
by the G4EmStandardPhysics_option4 constructor.
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The Austrian ion beam therapy
center: MedAustron

3.1 Introduction

The MedAustron (MA) Ion Beam Therapy Center, built in Wiener Neustadt (Aus-
tria), started to treat patients with protons in December 2016. The purpose of this
facility is to treat cancer and to perform research in the field of particle therapy. It
is a dual-particle therapy facility, where protons and Carbon ions are available for
patient treatment. The first beam line with Carbon ions is operational since July
2019. Besides MedAustron, other treating dual-particle facilities in Europe are HIT
in Heidelberg (Germany), MIT in Marburg (Germany) and CNAO in Pavia (Italy).
The aim of this chapter is to give a technical overview on selected facility specific top-
ics following two Ph.D. theses previously performed at MedAustron. [Carlinol7]
[Elial9]

3.2 Accelerators for LIBT

3.2.1 Types of accelerators

The most common types of accelerators, which are needed to achieve the energy
required in particle therapy, are synchrotrons or cyclotrons.

A cyclotron is a relatively cheap and compact alternative accelerator, compared to
a synchrotron. It delivers a continuous beam with the characteristic of constant
extraction energy paired with high intensity. Proton cyclotrons for therapy are
available from industry, while no Carbon ion cyclotrons providing the required ex-
traction energy have been constructed yet, mostly due to magnet size constraints.
Because cyclotrons deliver a beam with fixed energy, passive systems need to slow
down particles according to the tumor depth. With a cyclotron, you can always
only deliver one type of particle while a synchrotron can accelerate different species
of ions. Synchrotrons are more expensive, but also more sophisticated and have
a wider range of possibilities. Synchrotron systems are also much larger than the
cyclotron systems. In a synchrotron it is possible to actively change the energy of
the particles without any additional passive elements.

The principle of a synchrotron is injecting the beam at relatively low energy and
afterward accelerated it in the synchrotron ring to the extraction energy.
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3. The Austrian ion beam therapy center: MedAustron

3.2.2 MedAustron Particle Therapy Accelerator (MAPTA)

The integrated medical system of the entire facility supplies a total of four irradiation
rooms. One irradiation room (IR1) is devoted to non-clinical research where protons
with an energy up to 800 MeV can be delivered while the other three rooms are
dedicated to patient treatments (IR2-IR4). The layout of the MA ion therapy center
can be seen in Figure 3.1. The goal is to deliver both particle types, proton and
Carbon ions, in the irradiation rooms, except for IR4, as it is equipped with a unique
gantry system, only suitable for proton treatment. In IR2 there is a vertical beam
line as well as a horizontal beam line available while the IR3 is only supplied with
a horizontal beam line.

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

»

b

A
2 Linear Accelerator
/

= y
Synchrotron £

Figure 3.1: Layout of the MedAustron Ion Therapy center.

MedAustron, which was planned as multi-ion beam therapy center, has a syn-
chrotron accelerator with the possibility to accelerate ions from protons up to neon
ions. The clinical range of the facility for protons is in an energy range of 62.4 to
252.7 MeV (range in water from 3 to 38 cm) and for Carbon ions in a range of
120 to 402.8 MeV /u (range in water from 3 to 27 cm). The accelerator design is
based on the machine installed at CNAO, following the PIMMS project from CERN.
[PIMMS]

If we break it down to the basics, the beam transport line is a vacuum pipe system
with a total length of around 400 m from the ion sources to the irradiation room.
To maintain a pressure down to 5 x 10~ mbar, more than 130 pumps are needed
and to steer the beam, roughly about 300 magnets are installed. To characterize the
beam (e.g., mean kinetic energy, energy spread, beam divergence and emittance),
153 monitors of 16 different species are used in the accelerator.

The beam is produced by one of the three sources and transported by the low energy
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3. The Austrian ion beam therapy center: MedAustron

beam transport line (LEBT) to the LINAC. The radiofrequency quadrupole (RFQ)
and an Interdigital-H(IH)-mode drift-tube are the main parts of the LINAC.

The quadrupole accelerates the particles to energies up to 400 keV /u and at the end
of the LINAC, the injection energy into the synchrotron is about 7 MeV /u. Right
after the LINAC, the particles C™* or Hj are filtered by a thin Carbon foil and
guided to the synchrotron by the medium energy beam transfer line (MEBT).

A degrader might be inserted to reduce the number of particles transported. Four
different degrader settings are available, 100%, 50%, 20% and 10% transmission. In
the synchrotron, particles are accelerated via oscillating high-frequent electromag-
netic fields and accumulated coming from the LINAC. This process is performed in
several cycles. The particles are captured and accelerated utilizing a radiofrequency
(RF) cavity to the final energy required and after that, the particles are extracted
from the synchrotron. They are guided to the high energy beam transport (HEBT),
using a so-called slow extraction method, where the particle beams have a spill
length from 1 to 10 s. For proton beams, we have a maximum extraction number of
particles of 2 * 10'° and for Carbon ions, this number is about 4 * 108.

3.2.3 Active scanning beam delivery system at MedAustron

At MedAustron, an active scanning beam delivery system is used. In active beam
scanning, the target volume is divided into layers with equal beam energy, where
each layer is covered with a grid of spots. The purpose of the scanning beam system
is to deliver the dose sequentially to each spot in an energy layer. This is achieved by
deflecting the particles with a magnetic field. To reach the different layer depths, the
particle energy is varied through the accelerator, resulting in a deeper or shallower
Bragg peak of the particles. Active beam scanning is advantageous because no
passive scattering techniques are needed as in cyclotron facilities, which decreases
also the production of unwanted secondary particles. The main disadvantage is the
complexity in relation to passive scattering techniques and the requirement on the
stability and reproducibility of the beam position. Three different techniques are
established worldwide:

o discrete scanning technique

+ quasi-discrete scanning technique (installed at MedAustron)

« continous scanning also known as raster scanning [ICRUT7S]
The first spot scanning system was developed at NIRS in Japan.[Kanai83] The first
spot scanning gantry system was built at PSI in Switzerland. [Pedroni95] Spot
scanning is used as a step-and-shoot technique. During discrete spot scanning, the
beam is turned off between the spots, which avoids unwanted dose. First use of quasi
discrete scanning was at the Gesellschaft fiir Schwerionenforschung (GSI,Germany)
[Haberer93] and later adopted in Heidelberg (Germany) at HIT, Pavia (Italy) at
CNAO and Wiener Neustadt (Austria) at MA. As already mentioned MA is using
a synchrotron accelerator which allows dynamic variation of the ion beam energy.
After the desired particle fluence is reached in one voxel, the beam is moved to the
next voxel without turning the beam off.
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3. The Austrian ion beam therapy center: MedAustron

Faces of dipole magnets Tumor

\-l
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energy) energy)

Figure 3.2: Illustration of the active beam scanning techniques.[Durantel0]

Figure 3.2 illustrates the active scanning techniques, where the beam is moved in
horizontal and vertical direction along an energy layer by fast scanning magnets.
Raster scanning is a method where a beam of particles is scanned continuously
across the cross-section of the beam in a raster pattern. The intensity is varied in
this technique as a function of beam position by continuous control of the particle-
beam intensity and/or the scanning speed. During the switch from one iso-energetic
layer to another, the beam is turned off. The nozzle, which is part of the Beam
Delivery System (BDS), serves as an online-treatment beam diagnosis tool to en-
sure patient safety. All four beam lines are equipped with two different independent
dose-monitoring units, the Independent Termination System (ITS) and the Dose
Delivery System (DDS). Latter is responsible for the beam monitoring and is ob-
serving different beam parameters such as beam spot size, beam position and the in-
tensity. [Giordanengol5] The layout of the MedAustron treatment head is shown
in Figure 3.3. The DDS is once again divided into two independent parts, Box1
and Box2. In case of an error, the magnetic chopper is activated and the beam is
stopped. [Giordanengol13]| We distinguish between two different passive elements
at MedAustron, the Ripple Filter (RiFi), which is mostly polymethyl methacrylate
(PMMA) with 2 mm thick triangular section slats and the Range Shifter (RaShi).
The RiFi is used in exceptional proton treatment cases, but in general, it is more
common to use two orthogonal RiFis for Carbon ions to increase the Bragg peak
width, which speeds up the irradiation process. The other passive element, the
RaShi, helps to pull back the Bragg Peak to the surface for superficial targets. The
RaShi acts as an absorber as the minimum energy from the sychrotron would be
still to deep for some superficial tumors.
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Figure 3.3: Layout of the MedAustron treatment head.
Adapted from [Carlinol7].

3.3 Treatment Planning System (TPS)

Treatment planning is a process to design a patient specific treatment, where we
aim to optimize the relation of maximal coverage of dose to the target and sparing
the surrounding normal tissues.

The TPS RayStation (RS v8.1), developed by RaySearch Laboratories (Stockholm,
Sweden), is installed at MA. The software allows optimizing spot weights and the
scanning pattern for the quasi-discrete active scanning implemented at MedAustron.
For dose calculation, two algorithms are used, pencil beam and Monte Carlo engine.
The MC dose engine system is not available for Carbon ions in the current version
of RS. Ions heavier than protons are mainly different in the higher variability of
the RBE, which demands the use of appropriate biophysical models. In this thesis
we focus on the description of Carbon ions dose calculation. In the current version
of RS, the pencil beam algorithm is responsible for the physical dose computation
for Carbon ions which we describe in the next two sections following the manual of
RayStation [RSMan]. Multiple biological models are available in RS but currently
only LEM I (Section 2.2.2) is in clinical use.

3.3.1 Carbon pencil beam dose algorithm

The basis of the Carbon dose and RBE-weighted dose calculation is the so called
pencil beam dose algorithm. The algorithm associates each pencil beam with a
physical pencil beam (also referred to as scanning spot), delivered by the pencil
beam scanning (PBS) system. Each of these pencil beams contributes to the final
dose, where each contribution is calculated by performing a factorization of the dose
to longitudinal, integrated radial profiles as function of depth I RPD and the lateral,
dose profile ® components:

dose(z,r) = ®(z,7)IRPD(z) (3.1)
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3. The Austrian ion beam therapy center: MedAustron

where r is the radial distance from the dose voxel and z is the radiological depth of
the dose voxel computed by ray tracing from the beam source point to the pencil
beam center line in the Carbon pencil beam dose computation.

This factorization only remains valid within the so-called infinite slab approximation,
which assumes that each pencil beam experiences the patient geometry as number
of semi-infinite layers, extended transversely to the central beam axes. Due to this
approximation the pencil beam shapes have radial symmetry. The phase space
parameters of each pencil beam are transported along the central axis through the
patient during dose computation. The algorithm computes the physical dose in
terms of absorbed dose to water. The pencil beam algorithm has been used in the
past for several dose algorithms [Parodil2] [InaniwaKanematsul5|.

The scaling of the integrated radial profiles as a function of depth captures the effect
of longitudinal heterogeneities encountered in one dimensional ray tracing through
the patient, although lateral heterogeneities also have to be taken into account in
the dose calculation. Carbon ions experience less scattering, therefore only a single
pencil beam per spot is used in the RayStation Carbon dose calculation. In order
to still take the lateral heterogeneities into account, the radiological depth of each
voxel is used whenever a quantity is depending on the radiological depth, such as

the IRPD.

3.3.2 Calculation of the IRPD and particle energy spectra
in water

To calculate the IRPD or the particle energy spectra in water, input data pre-
generated by RaySearch or input data provided by the clinic is used. If we use the

pre-generated input data, the data from RaySearch is weighted with the effective en-
ergy spectrum % of the beam model, while clinical data is directly used without

weighting. In the case of using the pre-generated data by RaySearch, the integrated
radial profile as a function of depth is determined from the effective energy spectra

djz(gi) |Ey, by superposition of pre-calculated mono-energetic IRPDs following

dN(E;)
dE

IRPD"(z,Ey) =Y.

i

where AF; is width of a bin and #rpd; is the pre-calculated integrated radia% profile
as a function of depth in water for the primary energy F;, in units of <&¥em-

ion

3.3.3 Carbon ion dose calculation input data

To perform Carbon ion dose calculation the following ingredients are needed:
 integrated radial profiles as a function of depth
o differential particle energy spectra of primary Carbon ions and fragments (see
also Chapter 5)
o nuclear halo model parameters
For more details about the Carbon ion dose calculation in RayStation we refer to
[RSMan].
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3. The Austrian ion beam therapy center: MedAustron

3.3.4 Usage of GATE at MedAustron

Geant4 Application for Emission Tomography (GATE) is a software tool which
offers a set of scripted commands eases the access to the powerful Geant4. The
international OpenGate collaboration provides and develops this completely open
source software project. GATE is a potential candidate for an independent dose
calculation tool, as presented in a previous Ph.D. project [Grevillot11] and offers
a large number of application possibilities [Sarrut14].

Specific characterization of the physical properties of a pencil beam model and full
geometrical implementation of the treatment head are advantageous inclusions in
the simulation setup for accurate dose calculation. These aspects are a crucial part
of the presented works context and will be discussed in detail in Chapter 4. The aim
of every facility should be a well benchmarked independent MC system to reduce
the number of measurements acquired for commissioning.
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4

Beam modeling of the scanned
Carbon ion beam line in

GATE/Geant4

4.1 Introduction

In GATE a physic list builder mechanism is used to select a set of physics lists.
Physics lists are the underlying basis of GATE for the description of physical in-
teractions and processes (electromagnetic, hadronic, ...) using the Geant4 toolkit.
The physics list sets are provided for typical use cases in a range of applications by
the Geant4 community. Due to this wide range, it was essential to find a reliable
set of physics lists for this project which allows accurate modeling of the nuclear
fragments for clinical ion beams, which was needed for the simulation of the particle
energy spectra. In literature, there is no clear guidance, which physics lists should
be applied for Carbon ion simulations in radiotherapy. Therefore, to investigate the
accuracy of three different nuclear fragmentation models in GATE /Geant4, we have
benchmarked the physics builders QGSP_BIC _HP (BIC), Shielding (QMD) and
QGSP_INCLXX (Intra-Nuclear Cascade Liege). The nuclear model QMD is rec-
ommended by [Boehlen10, Bolst17] for Geant4 version 9.3 for applications with
ions heavier than alpha particles, so-called ’generic ions’.

There are different methods for pencil beam modeling proposed, depending on the
type of beam line and characteristics of the used MC code. At MA, an active scan-
ning system is used and to accurately simulate the pencil beam, the pencil beam
optics need to be characterized. In order to compare the physics builder, a prelimi-
nary Carbon beam model of the MedAustron Horizontal Beam Line (HBL), based
on experimental data from the fixed Carbon beam line of the irradiation room 2 and
a nominal spot size coming from the accelerator, was created.

The correlation between Carbon position and angular spread cannot be neglected,
therefore we included a full model of the nozzle in our simulations.

We call the characterization of the required beam parameters, such as spot size,
beam energy and energy distribution, beam modeling. To characterize the energy,
integrated radial profiles as a function of depth were measured, as well as lateral
beam profiles in air at different positions, to characterize beam spread. Simulation
without the nozzle geometry allows empirical modeling of the pencil beam with a
reward in computational time [Grevillot11, Grassberger14, Fracchiollal5]. Al-
though, this approach requires additional corrections [Soukup05, Schwaab11] to
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

account for large-angle single scattered primary and secondary particles produced
in the nozzle components [Pedroni05, SawakuchilO, Grassberger14|. A dose
comparison at the nozzle entrance and the nozzle exit to predict the dose generated
from the secondaries can be found in Figure 4.1. [Elial9] In the graph, modeling at
different positions is shown. At the nozzle entrance, the nozzle exit and the phan-
tom surface. Starting to model after the nozzle exit leads to a Gaussian behavior
for the lateral dose distribution, while modeling the source from the nozzle entrance
results in a distortion in the Gaussian dose distribution, coming mostly from the
large single scattering events while transmitting the nozzle, characterizing the outer
envelope of the core, the so-called nuclear halo.

10° : ;
—MNozzle Entrance
—Nozzle Exit
- - Phantom Surface
=
nm
o 102}
a
10
0 20 40 60 80 100

Lateral distance [mm)]

Figure 4.1: The lateral dose distribution of a 62.4 MeV proton beam with the
source being at three different positions. Phantom surface, nozzle exit and nozzle
entrance were investigated. The comparison between nozzle entrance and nozzle
exit allows the prediction of the dose produced by secondaries due to the nuclear
inelastic scattering which the primary ions experience along their path in the nozzle.
The graph was adopted from [Elial9].

4.2 Materials and Methods

4.2.1 Measurements

Measuring devices

MP3-P (L) is the standard 3D computerized water scanning system from PTW for
particle therapy and measuring transverse and depth-dose profiles in water with a
resolution of as little as 0.1 mm.

The plane-parallel ionization chambers used at MA are the Bragg Peak (BP) and
Roos-type (PPIC) for relative and reference dosimetry purposes. For acquiring
depth-dose profiles, the BP chamber type 34070 (@ 81.6 mm sensitive diameter, 2
mm of measuring air gap and a 4 mm PMMA entrance window to prevent deforma-
tion in water) is a waterproof ionization chamber used for measuring IDD profiles in
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

the MP3 water phantom systems in combination with a BP type 34080 as a monitor
chamber, with similar diameter but thinner entrance window. An alternative is the
BP type 34073 (0 39.6 mm sensitive diameter and 2 mm plate separation), but
its diameter is reduced and therefore less suitable to measure laterally-integrated
depth-dose profiles. Nevertheless, such a detector has interesting features comple-
mentary to the BP type 34080, for instance, in the validation of nuclear models by
comparing integrated radial profiles as function of depth measured with different
chamber diameters. [Grevillot18|

(b) BPC in the beam’s eye view

Figure 4.2: Experimental setup for the integrated radial profiles as a function of
depth. (a) full setup for measurements with the biggest BPC chamber (radius =
73.5 mm) and the 3D water tank and (b) direct shot of the PTW BP 150 the setup
for measurements with the Bragg peak chamber Bragg Peak 150. Adapted from
[Carlinol7].
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

Measurement procedure

The measurements presented in this work were carried out at the Horizontal Beam
Line in Irradiation Room 2 (IR2HBL). Measurements of integrated radial profiles
as a function of depth were carried out at four energies (121 MeV /u, 262 MeV /u,
327 MeV /u and 400 MeV /u) in order to cover the whole clinical energy range. The
entrance surface of the water phantom was placed at ISD0 ("ISD" defines the distance
between the isocenter and the phantom/patient surface. It is defined as surfaces
upstream of the isocenter count as positive values and surfaces downstream of the
isocenter as negative values. We do speak of isocentric treatment when the patient
surface is aligned at the room isocenter (ISD = 0 cm)). Using the commercially
available plane parallel ionization chambers for the measurements of the integrated
radial profile as a function of depth is afflicted by the need for correction of the
systematic offset due to their finite size. The dose components for a Carbon ion
pencil beam in water is divided in three parts. The core, the halo and the aura,
described in detail in [Gottschalk15]. Due to the limited radius of the chambers,
some dose of the halo and aura (low-dose envelope) may not be accounted for.
[SawakuchilOa, SawakuchilOb] In practice, MC simulations are used to evaluate
the dose which is not captured by the detectors. The simulations serve to calculate
the so-called correction factors, applied to the measured IRPDs of the BPCs of the
different sizes. Three types of Bragg peak chambers (PTW Freiburg) have been
used, the chamber radial sizes were 73.5 mm, 40.8 mm and 19.8 mm as partially
shown in Figure 4.4. An overview of the experimental setup can be found in Figure
4.2 and a visualization of the beam diameter, as well as the different chambers, can
be seen in Figure 4.3.

*+  Beam diameter
Chamber radius r=19.8 mm
Chamber radius r=40.8 mm
+  Chamber radius r=73.5 mm

Figure 4.3: Vizualisation of the beam diameter and the different Bragg peak
chambers used. (r= 73.5, 40.8, 19.8 mm) [Grevillot18§]
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

Figure 4.4: Two of the three different Bragg peak chambers used (r= 40.8,
19.8 mm). [Carlinol7]

4.2.2 Pencil beam characteristics and beam modeling pro-
cedure

The energy and optical properties characterize a pencil beams transversal and lon-
gitudinal profiles. The energy spectrum is considered Gaussian, with a mean energy
Ey and energy spread og (standard deviation). Optical properties are independent
of energy properties. The following three parameters describe optical properties in
the x and y directions (4z being the default direction of the beam): [Grevillot11]

« spatial beam spread distribution (beam or spot size) o, in z and o, in y

« angular spread distribution (beam divergence) oy in x and o, in y

+ beam emittance (beam size and divergence phase space area) €, ¢ in x and €, ,

iny.

To simulate the beam, specified MedAustron beam optic parameters were inserted in
the GATE code as an initial guess provided by the therapy accelerator team. These
parameters were the expected ones at the source position SAD=1300 mm upstream
to isocenter to reproduce 2 mm of spot size in terms of FWHM at isocenter in vac-
uum. However, these optical parameters needed to be tuned to match the measured
values in air at the isocenter and at different air gaps. For energy tuning, two pa-
rameters must be adjusted: the mean energy and the energy spread. The nominal
particle energy has a direct correlation to the particles range in water. The energy
spread has a direct correlation to the Bragg peak width and peak-to-plateau ratio
of the particles dose deposition behavior. The tuning of these two parameters is an
iterative process, where the user must determine the mean energy and energy spread
which best reproduce the measured depth-dose profiles in water for this beamline.
We have performed the tuning in the following order: [BeamLineModeling17]

1. adjust the mean energy until the range difference between simulation and mea-

surement is within user tolerance. We evaluated the physical range determined
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

at the 80% dose level.
2. adjust the energy spread until the Bragg peak width and peak-to-plateau ratio

differences between simulation and measurement are within user tolerances.
Energy tuning to match range and Bragg peak width has been conducted for one
physics list QMD. Additionally, two other physics-builders have been compared but
not tuned, as described in the later Section 4.2.4. (BIC and INCL++) The main
influences of shape and characteristics of the pencil beam are influenced by the
transport system and accelerator. To described properties of the pencil beam, a
phase space diagram is used. An ellipse describes the momentum and position dis-
tributions of the beam particles. The spatial and angular beam spread distributions
are Gaussian and correlated. Three different parameters characterize the ellipse in
the phase space: divergence, beam width and emittance.

4.2.3 Monte Carlo simulations

The MC simulations were performed with GATE v8.1 [Jan11], built with Geant4
10.03.p03 [Grevillot11], using the electromagnetic package 'EMZ Opt4’, combined
with the pre-compound model for non-elastic hadronic interactions and the phyiscs
list Shielding (QMD). The production cut was set to 1 mm, as we did not produce
secondaries with a range of less than 1 mm, so we decided not to track them once
their residual range was lower than 1 mm. The main water box we simulated with
a surface of 50 x 50 cm? and 40 cm in depth consisting of G4 WATER, was
positioned at the center of the simulation environment 'world” made of air. For the
comparison of the different physics builder we did change the used physics lists to
'QGSP_BIC _HP (BIC) and QGSP_INCLXX (INCL++). The IRPDs were
scored using the dose actor attached to different sub-cylinder geometries with the
same dimensions as the actual Bragg peak chambers used in the measurements (r=
73.5, 40.8 and 19.8 mm). The total number of primaries used in these simulations
was set to 10%. As recommended by different authors for 2C' [Luehr12, Boehlen12,
Resch19], the ionization potential of water was set to 78 eV. Given the flexibility
of GATE/Geant4, the components of the MedAustron specific treatment head were
included using the blueprints.

4.2.4 Physics builder selection

A sensitivity study was performed with three different nuclear models. The Binary
Intranuclear Cascade (BIC), the Quantum Molecular Dynamics (QMD) and the
Liege Intranuclear Cascade (INCL++).
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

4.3 Results

4.3.1 Measurements

Measurements were performed at MedAustron, the IRPDs of the different ionization
chambers of varying radius can be found in Figure 4.5. We saw the larger sized Bragg
peak chamber captured more dose than the smaller chamber, as expected. In the
dose entrance region, we saw about 14% more dose in the bigger chamber than in
the smaller and this difference raised up to a deviation of about 34% in the Bragg
peak.

5.0
as
4.0 s x 19.8 mm 400 MeV/n
3 2 40.8 mm 400 MeV/n
S 33 < : 419.8 mm 327 MeV/n
o
8 30 & A 40.8 mm 327 MeV/n
- 5‘ » P ©19.8mm 262 MeV/n
B X
j= 25 >e 3 % 40.8 mm 262 MeV/n
= 2 A 5
g 20 / X
= FX
2 1.5 ° L] A
.. AA X
s A & . A % X% x
1.0 = 2 % 4 & 4 & L % xxxX
A X
[ ] ~
0.5 1 / &
(\, - - %
0.0 b S—— ¢ s 3 & M
0 50 100 150 200 250 300 350 400 450

Depth in water (mm)

Figure 4.5: Integrated radial profiles as a function of depth normalized to the
entrance. Measured for the different chambers at three different energies (400, 327
and 262 MeV /n). The different chamber sizes are displayed as the yellow line which
corresponds to the medium-sized chamber (r = 40.8 mm) and the black line which
corresponds to the small chamber (r = 19.8 mm).
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

4.3.2 Beam modeling

Beam modeling for a preliminary Carbon beam line in GATE was performed for 4
different pristine Bragg peaks. The settings of the beam tuning are shown in Table
4.1. An example of the tuned beams is presented in the Figures 4.6 and 4.7. The
results for the beam tuning for one Bragg peak chamber of the four different energies
can be found in Table 4.2. Overall, the beam tuning results showed less than 7 %
deviation in the Bragg peak width for the highest energies and differ less than 0.2

% of the R80.

Table 4.1: Beam tuning settings.

Nominal Energy [MeV/u] | Tuned Energy [MeV/u] | Tuned Energy Spread [MeV/u]
121.0 120.0 0.9
262.0 259.5 0.4
327.0 324.0 0.6
400.0 397.5 0.9

Dose normalized to the entrance (a.u.)

-0,5

Depth in water (mm)

30%

QMD-121-RelDev
® QMD-121-Meas-N
QMD-121-Sim-N

20%

10%

0%
36 38 40

Relative deviation [%]

-10%

-20%
O

-30%

Figure 4.6: Bragg peak width and R80 comparison for the medium-sized Bragg
peak chamber with the integrated radial profile as a function of depth at an energy
of 121 MeV /u. The dashed-dotted green line shows the relative deviation of the blue
dotted measured IRPD and the solid red simulated IRPD.
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

Dose normalized to the entrance (a.u.)

0,5

60

QMD-121-RelDev
® QMD-121-Meas-N

70 80

90

QMD-121-Sim-N

30%

20%

10%

0%

100

-10%

-20%

Depth in water (mm)

-30%

Relative deviation [%)]

Figure 4.7: Plateau and tail tuning for the medium-sized Bragg peak chamber with
the integrated radial profile as a function of depth at an energy of 121 MeV /u. The
dashed-dotted green line shows the relative deviation of the blue dotted measured
IRPD and the solid red simulated IRPD.

Table 4.2: Beam tuning results summary.

(a) Range 80 and Bragg peak widths of simulated data. Values of the
medium sized Bragg peak chamber with r=40.8 mm of four different en-
ergies are presented. 121 MeV /u beam in red.

R4-S

Dose80 (a.u) Range80 (mm) Range80L (mm) BPWSOM (mm)

121 MeV/u

2.34 267.0
3.02 190.0
3.48 129.8
2.47 30.1

263.6
187.3
127.4
27.9

3.4
2.7
2.3
2.2

(b) Range 80 and Bragg peak widths of measured data. Values of the
medium sized Bragg peak chamber with r=40.8 mm of four different en-
ergies are presented. 121 MeV /u beam in red.

R4-M

Dose80 (a.u) Range80 (mm) Range80L (mm) BPWS80M (mm)

121 MeV/u

2.35 267.0
3.01 190.0
3.44 129.7
2.53 30.0

263.8
187.4
127.4
27.9

3.2
2.6
2.3
2.1

(¢) Relative deviations of Bragg peak width and Range 80 of measured
data vs simulated in absolute and percentage values. 121 MeV /u beam in

red.

Relative Dev.

BPWdelta_abs (mm) BPWdelta_rel R80delta_abs (mm) R80delta_rel

121 MeV/u

-0.20 -6.1%
-0.10 -3.7%
-0.05 -2.3%
-0.05 -2.4%

0.00
0.00
0.10
0.05

0.0%
0.0%
0.1%
0.2%
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

4.3.3 Impact of different physic lists on the IRPDs

The simulated IRPDs for all the physics builders were in a good agreement with the
measured data shown in the Figures 4.8 and 4.9. For a Carbon ion beam at

400 MeV /u at a range in water of 173 mm corresponding to a position in the en-
trance region QMD overestimated the dose by 0.86%, INCL++ did so by 1.44%
and BIC overestimated by 3.57% compared to the measurements. At the position
266.2 mm in water, which corresponds to a position within the Bragg peak width 80,
BIC overestimated the dose by 0.14%, QMD underestimated the dose by —1.18%
and INCL++ underestimated the dose by —2.89%. In the fragmentation tail at a
depth in water of 277 mm, INCL++ showed a dose underestimation of —6.83%, BIC
showed a dose overestimation of 7.35% and QMD showed a dose underestimation of
—7.71%. The IRDPs created by the nuclear model BIC have shown slightly better
agreement with measurements than QMD whereas QMD did match to a small degree
better than INCL++4-. Overall the three physic builders were found in agreement
close to the Bragg peak with less than 5% deviation from the measurements and a
deviation of less than 10% in the plateau region and up to 20% deviation in the frag-
mentation tail. Similar behavior was found for the other chambers and energies as
well (not presented here). Our final choice of physics list was the Shielding EMZ
(QMD) physics builder because the agreement with the measured data was very
similar for the nuclear models BIC and QMD in our results and although BIC won
the race in terms of computation speed we decided against it. The reason for this
decision was because we found non-physical behavior for the results produced by
the BIC nuclear model. At high energies, a bump occured, visible in Figure 4.9 at
the solid red line before the Bragg peak, which is likely connected to an error in C11
production and transport, according to the Geant4 community.

Also, important to take into account when selecting a physics builder are the different
computation times, as computation power is often limited. A comparison of the
different computation times can be seen in Table 4.3.

Table 4.3: Computation times on one core. 10* particles were simulated compar-
ing the different physics builder. INCL++ was the fastest and QMD the slowest.
Absolute time differences and relative differences compared to QMD are displayed.

Computation times for
1015 particles 121 MeV/u |185 MeV/u (262 MeV/u |327 MeV/u |400 MeV/u
QwvD 03:54 h 03:04 h 03:10 h 04:03 h 04:32 h
BIC 02:58 h 02:33h 02:22 h 02:45 h 03:24 h
abs diff (QMD std) 00:55 h 00:31h 00:47 h 01:17 h 01:08 h
rel diff (QMD std) 24% 17% 25% 32% 25%
INCL++ 03:38 h 02:56 h 03:22 h 03:51 h 05:20 h
abs diff (QMD std) 00:15 h 00:07 h 00:12 h 00:11 h 00:47 h
rel diff (QMD std) 7% 4% 6% 5% 17%
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Figure 4.8: Comparison of the integrated radial profiles as a function of depth
using different nuclear models in GATE/Geant4. The solid red line shows the result
from the nuclear model BIC, the solid green shows the result from the INCL++
model, the solid blue line shows the result of the QMD model and black dots is the
measured dose. The dashed lines represent the relative deviation of the different
respective nuclear models compared to the measured data.
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Figure 4.9: Comparison of the integrated radial profiles as a function of depth using
different nuclear models in GATE/Geant4. Plot lines have the same properties as
in Figure 4.8. The plot shows the full range of the IRPD.
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4. Beam modeling of the scanned Carbon ion beam line in GATE/Geant4

4.4 Conclusion

When creating reliable fragment particle energy spectra to calculate the RBE-
weighted dose, it is crucial to find an MC physics builder which is trustworthy.

For the process of finding the right candidate, it was necessary to perform prelimi-
nary beam modeling for the beam model at the fixed Carbon beam line in irradiation
room 2 at the therapeutic energy range (120 MeV /u to 402.8 MeV /u). For this pur-
pose measurements have been carried out at MA in the IR2 at four different energies
with three different sized Bragg peak chambers (r=19.8 mm,40.8 mm and 73.5 mm)
in a 3D computerized water scanner ("MP3-PL’).

These measurements served as a foundation for the beam tuning, which was done
with the physics builder 'Shielding  EMZ' (QMD). Optical properties of the beam
model were given by the therapy accelerator team and were set constant to repro-
duce a spot size of 2 mm in terms of FWHM at isocenter in vacuum during the
process of beam modeling. In the tuning, we achieved a maximum deviation of
less than 7% at the highest energy in the Bragg peak width and a difference in the
Range80 at the lowest energy of less than 0.5% for the medium-sized Bragg peak
chamber.

We have used the beam model, tuned at four different energies, for a comparison of
the selected different physics builder QGSP BIC HP (BIC), Shielding (QMD)
and QGSP_INCLXX (INCL++). The results show that the nuclear model BIC
had the best overall match with the measurements, INCL++ was the fastest and
QMD was the slowest but also the most reliable which is desirable in the clinical
environment. The agreement of the nuclear models BIC and QMD was similar but
we found unphysical behavior in the IRPD using the BIC nuclear model so we de-
cided for the builder 'Shielding EMZ' (QMD).

The results of this physics builder sensitivity study are in accordance with previ-
ous studies. [Luehr12] [Boehlen10] Based on our results and the agreement with
selected literature we use 'Shielding EMZ' (QMD) as the physics builder of our
choice for the simulations in the following Chapter 5, which is the creation of the
particle energy spectra.
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Particle energy spectra in
GATE/Geant4

5.1 Introduction

Nuclear fragmentation affects the dose distribution, especially noticeable in the frag-
mentation tail. Thus, it is important to accurately model the particles in the mixed
radiation field. The RBE plays an important role for particles in the mixed radiation
field. It depends among others on the charge of an ion, its energy and the dose.
[Luehr12]

In contrast to proton beams, accurate modeling of the production and transport of
secondaries in Carbon ion beam therapy plays a bigger role, as Carbon ions expe-
rience a larger amount of fragmentation along their stopping path with the result
of differently charged fragments, which contribute to the fluences and the delivered
dose. In the target volume the dose from these fragments is in the order of some
tens of percent [MatsufujiO3| and in the tail, after the target the total dose is pro-
duced by the secondary particles. Besides effortful measurements, we rely on MC
simulations for accurate predictions of these fragment fluences.

The term particle energy spectra refers to the distribution of primary ions and
produced fragments differential in energy. Particle energy spectra are used to char-
acterize the mixed radiation field at a certain depth in a Carbon ion beam and are
essential in the RBE-weighted dose computation.

In this chapter, we do present the creation of the particle energy spectra in
GATE/Geant4 using the physics builder Shielding EM Z(QMD). A more sophis-
ticated beam model has been created at MA. [Fuchs19] This beam model was in
comparison to the preliminary beam model, which we created in the previous chap-
ter, also optically tuned. Consequently, with the mature beam model paired with a
reliable physics builder, we could start simulating the energy spectra needed for the
beam model in the TPS. In Figure 5.1 the workflow of the "MA-GATE"-TPS beam
modeling procedure is shown, starting from acquiring basic beam data till the final
beam model in the treatment planning system.
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5. Particle energy spectra in GATE/Geant4

Basic beam data for beam modeling} ( Beam model generation in
s GATE/Geant4 by MedAustron
(IDDs, spot profiles in air, dose in
reference condition, etc.) J [Fuchs et al. 2019]

(Computation and extraction of
< t particle energy spectra in

GATE/Geant4

Y

Beam model generation in
RayStation with MA-
GATE/Geant4 spectra by RSL

(“MA-Gate”beam model)

Figure 5.1: Workflow of the TPS beam modeling procedure.

The most influential parameters on the particle energy spectra appear to be the
physical models and numerical settings in the different MC codes, the different
modeling of charge changing cross sections and beamline specific modeling (e.g.,
inclusion of the nozzle). [Boehlen10]

To compare the different physics models, implemented at MedAustron using
GATE/Geant4 and at RaySearch Labrotaries (RSL,Stockholm-Sweden) using FLUKA
to simulate particle energy spectra, the same simulation settings were pursued. All
evaluations are using identical beam conditions, geometries (where it was possible)
and material properties. The simulation settings used for the two different MC codes
are described in Section 5.2.3 and 5.2.2.
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Figure 5.2: Different total nuclear cross sections for Carbon ion beams interacting
with H, C' and O shown as predicted by FLUKA version 2008.3 and Geant4 version
9.3 compared with experimental data from [Kox84, Kox87, Sihver93, Fang2000,
Zhang02, Takechi09]. Graph adapted from [Boehlen10].
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5. Particle energy spectra in GATE/Geant4

Figure 5.2 shows total nuclear reaction cross sections used for the benchmark of
the MC codes Geant4d and FLUKA in [Boehlen10]. The charge-changing cross
sections of projectile-like fragments were compared between experimental data and
simulation data. Differences of the MC codes as for Carbon and oxygen targets,
Geant4 predicts cross sections which are about 10% larger for higher energies, than
the ones predicted by FLUKA. The codes also differ significantly in the energy range
below 20 MeV /n.

Omitting the nozzle geometry in the simulations leads to an additional reward in
computational time, although it has an impact on the production of secondaries due
to non-elastic nuclear scattering. Therefore it is a beneficial inclusion for accurate
modeling of the particle energy spectra, with the disadvantage of longer computa-
tional time. [Elial9]
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5. Particle energy spectra in GATE/Geant4

5.2 Materials and Methods

5.2.1 Scoring the energy spectra

To correctly score the energy spectra in GATE/Geant4, a scoring option was imple-
mented into the source code of the energy spectrum actor. Actors are tools which
allow interacting with the simulation. [GateUserGuide| There are two commonly
applied concepts when it comes to scoring the fluence in MC simulations.

The surface crossing estimation assumes a surface having an infinitesimal thickness
dt, a particle incident with an angle 6 with respect to the normal of the surface S

will travel a segment %&,). Therefore the average surface fluence can be calculated

by adding up %@0) for each particle crossing the surface and dividing by the volume

S dt. The surface crossing (plane spectra) concept is shown in Figure 5.3(a).

dt
Zi cos(6;)

dt—0  Sdt (5'1)

In eq. 5.1 incident particles with a large angle 6 will receive high weighting and a
large contribution to the fluence, therefore will cause artifacts.

o)
>
T
- >
a;? =
o)
v
ANy
™~
)
S
I i
oy a3
> dz
(a) Surface crossing (b) Track length approach
approach

Figure 5.3: Illustration of the two different approach to score fluence. [Niessen19]

The more reliable way to score the energy spectra is the so-called track length esti-
mation which is mathematically derived in [PapiezBattista94]. The track length
approach (volume spectra) concept is shown in Figure 5.3(b). We chose the track
length approach for the scoring of the energy spectra in our simulations.
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5. Particle energy spectra in GATE/Geant4

5.2.2 RSL FLUKA spectra simulation setup

As mentioned earlier, the particle energy spectra are used to characterize the mixed
radiation field at a certain depth in a Carbon ion beam and it is used in the computa-
tion of the RBE-weighted dose [RSMAN]. The differential spectra (EfliEkx) describe
the distribution of primary ions and secondary charged particles with kinetic energy
E), and particle type T characterized by charge Z. RS used FLUKA for generating
the spectra [[FerrariO5],[Boehlen14]]. Simulations were run for mono-energetic
Carbon ions with energies at every 5 MeV /u between 50 - 450MeV /u, resulting in a
library containing spectra for 81 initial Carbon ion energies. According to RSL the
number of primary particles was set to produce adequate counting statistics. The
FLUKA built-in scoring algorithm USRTRACK was used to score the track lengths
within each cylindrical volume. Scoring filters were set to only score particles with Z
< 6 and no isotopic discrimination was enforced. Fragments with charge, Z > 6 were
neglected for consistency with earlier work [Parodil2]. The differential spectra are
stored in uniform depth bins with size 1 mm. The spectra of primary Carbon ions
(i.e., Z=6, since no isotopic discrimination) are stored using linear energy binning
with bin edges ranging from 0 - 550 MeV/u and bin size 1 MeV /u. The spectra
of fragments (Z < 6) are stored using logarithmic energy binning with bin edges
ranging from 0.1 - 999 MeV /u spread over 133 bins.

Examples taken from the [RSMAN] of the resulting particle energy spectra at dif-
ferent depths are shown in Figure 5.4. The Subfigures (a), (b), (c¢) show the energy
spectra from a shallow position 5 cm deep in the water phantom in (a), where the
primary particles nearly have their initial energy 300 MeV /u, while in (b) the energy
spectra is shown for the position 17 cm deep in the water phantom, which is close
to the Bragg Peak and the primary particles decrease their energy. In (c) a position
of 25 cm deep in the water phantom is shown which is related to a position after the
Bragg peak and primaries are completely absent. The Figure 5.5 shows an example
of the variation of the total fragment yield with depth.

The spectra simulated with two different MC codes were compared at four different
energies over the clinical range. (120 MeV/u, 322 MeV/u, 327 MeV/u and 400
MeV /u)
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Figure 5.4: Particle energy spectra simulated with FLUKA (per primary particle
and MeV /u) for a 300 MeV /u Carbon ion beam at depth a)5 cm b)17 cm (Bragg
peak adjacent) ¢)25 cm. [RSMAN]
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5. Particle energy spectra in GATE/Geant4
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Figure 5.5: Fragment build-up (total number of particles per primary particle)
simulated with FLUKA for a 300 MeV /u Carbon ion beam. [RSMAN]

5.2.3 MA GATE spectra simulation setup

The MC simulations were carried out using GATE version 8.2 in combination with-
Geant4 10.03.p03. The maximum step size was limited to 0.1 mm in the water
phantom and 1 mm in air as these settings have proven a good compromise of com-
putation time and accuracy. The simulations were carried out in water ignoring
the polymethyl methacrylat entrance window of the water tank, as no effect, on the
medium energy range nuclear interations, is expected. [Resch19] Like in FLUKA,
fragments with charge, Z > 6 were neglected. The binning for the primary and
secondary particles was chosen in the same way as for the spectra simulations in
FLUKA by RSL. In GATE/Geant4 we simulated the full therapeutic energy range
used at MedAustron which is from 120 MeV /u up to 402.8 MeV /u in 5 MeV /u steps,
which results in a total number of 58 energies. Particle energy spectra were simu-
lated and extracted for mono-energetic Carbon ions in a 50 cm deep water phantom.
The schematic representation of the simulation setup can be found in Figure 5.6.
Energy spectrum actors were attached to the full depth of the water phantom, each
attached to a cylindrical volume with a thickness of 1 mm and a radius of 5 cm. Each
ion type, distinguished by charge, had to be scored by a dedicated energy spectrum
actor, resulting in a total number of 3000 energy spectrum actors per simulation per
energy. Taking into account that we simulated 58 energies for the clinical energy
range, this sums up to about 174000 energy spectrum actors. Each of this energy
spectrum actors produced an output stored in a root file. These root files were
postprocessed and converted into txt files using Bash and C++. The 174000 txt
files were written into one single binary file. The binary file structure, which was
used for this conversion, can be seen in Table 5.1. This binary file was used by RSL,
to create a second beam model '"MA-GATE’ for the TPS.
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5. Particle energy spectra in GATE/Geant4

—Tag— —Type— | —Unit— —Size— —Example—
version double - 1 0.1
treatmentModality string®10 - 1 "CARBON"
scoringRadius double cm 1 -
nrOfNominalEnergies int32 - 1
nominalEnergies [double] MeV nrOfNominalEnergies
nrOfDepthBins int32 - 1
depthBinEdges [double] cm nrOfDepthBins+1 -
primaryZ int32 - 1 6
nrOfPrimaryEnergyBins int32 - 1 -
primaryEnergyBinEdges [double] MeV/u nrOfPrimaryEnergyBins+1 -
primarySpectraVector [[[double]]]  ((em™2)(MeV /u))~-1 nrOfNominalEnergies*nrDepthBins*nrOfPrimaryEnergyBins Fragments/Primary/Energy/Area
nrOfFragments int32 - 1 5
fragmentZ [int32] - nrOfFragments 1,2,3,4,5]
nrOfFragmentEnergyBins int32 - 1 -
fragmentEnergyBinEdges [double] MeV /u nrOfFragment EnergyBins+1 -
fragmentSpectraVector | [[[[double]]]] ((¢em™2)(MeV/u))™-1 nrOfNominalEnergies*nrDepthBins*nrFragments*nrOffragmentEnergyBins  Fragments/Primary/Energy/Area

Table 5.1: Binary file structure of the fragment spectra file.

Scoring geometries ~ Water phantom

Nozzle

Figure 5.6: GATE/Geant4 simulation setup for the scoring of the energy particle
spectra. Visible are two blue geometries, the smaller one is the frame around the
MA nozzle which is described in detail by different boxes and cylinders, the bigger
one is the "World’ in air which restricts the simulation volume. The green cubic is a
water phantom with the dimension of 50x50x50 ¢m?. The cyan circles within the
water phantom are our scoring geometries with a radius of 5 cm and a thickness of
1 mm, where the energy spectra were scored.

A comparison of the particle energy spectra, pre-generated by RSL and the spec-
tra generated with Gate/Geant4, was performed. Further postprocessing of both
spectra to compare key features was done. At first direct spectra comparisons were
carried out, followed by a comparison of the fluence of light fragments of the different
spectra. As a third step similarities or dissimilarities between the two fluence aver-
aged energies were investigated and finaly a consistency check of our MC simulation
procedure was performed using the fragment spectra to recompute the IRPDs via
stopping powers.
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5. Particle energy spectra in GATE/Geant4

5.3 Results

5.3.1 Energy spectra comparison

The MA-Gate and the RSL-FLUKA fluence agreed well for the primary Carbon
ions. A comparison for a 400 MeV /u beam is shown in Figures 5.7 and 5.8 and for
a 120 MeV /u beam in Figures 5.9 and 5.10. The Figures 5.7 and 5.9 show similar
spectra, as both are close to the Bragg peak position but at different energies. The
proton and Helium ion component have the highest amount of particles in the full
energy range. The highest deviations between the RSL Fluka spectra and the MA
GATE spectra were at the low energies below 1 MeV/u. At the high energies we
observed that in GATE particles didn’t reach energies as high as in FLUKA for
all the particles. Boron ion spectra are matching well for the full energy range,
while Lithium and Berillyium ions are off by about a factor 3. The Figures 5.8
and 5.10 also showed similarities in the spectra. These figures represent the particle
energy spectra at the entrance of the water phantom. At the entrance of the water
phantom a distinct build up of protons and Helium ions is observable. We saw the
same deviations as in the position near the Bragg peak position. The MA-GATE
spectra showed less particles below 1 MeV/u by a factor of 8 and the secondary
particles reached a lower maximum energy compared to the RSL Fluka spectra. At
the entrance of the water phantom the other secondary ions than proton and Helium
ions are negligible, as their build up was not as pronounced. The particle energy
spectra are shown normalized to the initial number of primary Carbon ions.
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Figure 5.7: Particle energy spectra (per primary particle) for a 400 MeV /u Carbon
ion beam 26 cm deep in the water phantom. Solid lines are computed with FLUKA
(RSL) and dashed lines are computed with GATE/Geant4 (MA).
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Figure 5.8: Particle energy spectra for a 400 MeV /u Carbon ion beam at 4 cm
depth in the water phantom. Line and axis properties as above.
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5. Particle energy spectra in GATE/Geant4
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Figure 5.9: Particle energy spectra (per primary particle) for a 120 MeV /u Carbon
ion beam (3 cm range in water) at 2 cm depth in the water phantom close to the
Bragg peak region. Solid lines are computed with FLUKA (RSL) and dashed lines
are computed with GATE/Geant4 (MA).
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Figure 5.10: Particle energy spectra for a 120 MeV/u Carbon ion beam at 0 cm

depth in
above.

water at the entrance of the water phantom. Line and axis properties as
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5. Particle energy spectra in GATE/Geant4

5.3.2 Fragment fluence build up comparison

The fluence of light fragments increased steeply at first centimeters in water. While
we see a build up of protons of about one third of the number of primary particles
in the lower energetic Carbon beam of 120 MeV/u (shown in Figure 5.11). We
observe a lot more fragmentation of the higher energetic Carbon ion beam of 320
MeV /u, which resulted in a large build up of secondaries (shown in Figure 5.12).
The main contributors for the secondary particles, the protons from the MA-GATE
spectra overweigh the RS-FLUKA spectra for most of the range and the Helium ions
fluence showed the behavior of RS-FLUKA spectra having more than the MA-GATE
spectra.

----- MA GATE Z=1

QOLZ] mme . e MA GATE Z=2

MA GATE Z=3

----- MA GATE Z=4

0wy 4y = MA GATE Z=5

i MA GATE Z=6
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I 0.006 —— RS FLUKA Z=4

é —— RS FLUKA Z=5

3 0.004 RS FLUKA Z=6

0.002

0.00015

6 8 10 12 14

Depth [cm]
Figure 5.11: Fragment fluence build up over depth for a 120 MeV /u Carbon ion
beam. The dashed lines show the fragment build up connected to the MA GATE
simulated spectra, while the solid lines represent the RS FLUKA simulated fragment
fluence build up.
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Figure 5.12: Fragment fluence build-up over depth for a 320 MeV /u Carbon ion
beam. The dashed lines show the fragment build up connected to the MA GATE
simulated spectra, while the solid lines represent the RS FLUKA simulated fragment
fluence build up.
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5. Particle energy spectra in GATE/Geant4

5.3.3 Fluence averaged energy comparison

The fluence averaged energies over depth and fragment were similar for the RS
FLUKA spectra and the MA GATE spectra. Figure 5.13 showed the mean frag-
ment energies for a 120 MeV /u Carbon ion beam and Figure 5.14 showed the mean
fragment energies for a 320 MeV/u Carbon ion beam. We observed, the heavier
the particles, the higher the mean energies were before the Bragg peak and also the
heavier the particles, the higher was the decrease of energy after the Bragg peak.
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001 N0 MA GATE Z=4
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Figure 5.13: The fluence averaged energies for the different specific ions.Solid lines
show the RS FLUKA mean energies, while dashed lines represent the MA GATE
simulated mean energies. Simulations were made for a 120 MeV /u Carbon ion beam.
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Figure 5.14: The fluence averaged energies for the different specific ions. Solid
lines show the RS FLUKA mean energies, while dashed lines represent the MA
GATE simulated mean energies. Simulations were made for a 320 MeV /u Carbon
ion beam.
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5. Particle energy spectra in GATE/Geant4

5.3.4 Integrated radial profiles as a function of depth

A recalculation of the integrated radial profiles as a function of depth for the spec-
tra, by weighting the differential fluence with corresponding stopping power over
Imm steps was done. Stopping powers were taken from [ICRU90] and linear in-
terpolated for the needed energies. Figures 5.15 and 5.16 show the comparisons of
the 120 MeV /u and 400 MeV /u Carbon beams. This served the purpose of a con-
sistency check, for our fluence spectra MC simulations, where we compare between
the recomputed IRPDs and the simulated IRPDs (scored by a dose actor) with the
same simulation conditions. The recomputation of the IRPDs with the stopping
power was only done for Carbon ions, but the approach remains valid as a consis-
tency check, because Carbon ions have the most impact on the range. Results as
the summed up spectra weighted by stopping power resembled the expected Carbon
Bragg peak shape and the range difference is negligible and within the uncertainties
of the MC simulations. The recomputed IRPD differs an absolute value of 0.01 ¢m
which results in 0.3% relative deviation for the 120 MeV /u Carbon ion beam and
the 400 MeV /u Carbon ion beam differs an absolute value of 0.02 ¢cm and in terms
of relative deviation about 0.01%.

Recomputed IRPD - Z=6 Recomputed IRPD - Z=6
—————— Dose Actor IRPD - ALL Z Lo - Dose Actor IRPD - ALL Z

IRPD [a.u.]
IRPD [a.u.]

20 EQ 3o a2
Depth [cm] Depth [cm]

(a) full view (b) BP view
Figure 5.15: Integrated radial profiles as a function of depth for a 120 MeV /u

Carbon ion beam. The yellow solid line shows the recomputed IRPDs. The green
line shows the IRPDs simulated with the dose actor.

1o Recomputed IRPD - Z=6 Recomputed IRPD - Z=6
—————— Dose Actor IRPD - ALL Z \ ------ Dose Actor IRPD - ALL Z

IRPD [a.u.]
IRPD [a.u.]

20 30 4o 5 26,00 26.25 26.50 26.75 27100 2725 27550 2775 28.00
Depth [cm] Depth [cm]

(a) full view (b) BP view

Figure 5.16: IRPDs for a 400 MeV/u Carbon ion beam. The solid yellow line
shows the recomputed IRPD. The green line shows the IRPD simulated with the
dose actor.
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5. Particle energy spectra in GATE/Geant4

Figure 5.17 displays the importance of consistency in the simulation setup. In
this figure the two different approaches the 'dose actor scoring’ and the ’energy
spectra recomputation” were done using different materials for the water phantom.
("G4 WATER” and "WATER”: G4 W ATER is constructed via Geant4 inter-
nal database allowing to use internal data on density effect parameterisation and
[ICRU73]| on stopping powers. Thus, absolute ranges and Bragg peak position are
more precise with Geant4d and G4 W ATER. In the case of hand-made material,
like WATER, it is not possible to access these data and stopping powers/ranges are
using general algorithms which is less precise.).

Recomputed IRPD - Z=6
—————— Dose Actor IRPD - ALL Z

Recomputed IRPD - Z=6
"""" Dose Actor IRPD - ALL Z

IRPD [a.u.]

260 262 264 26.6 238 270 272 274
Depth [cm]

(b) BP view

20 30
Depth [cm]

(a) full view

Figure 5.17: IRPDs for a 400 MeV/u Carbon ion beam. The yellow solid line
shows the recomputed IRPD The green line shows the IRPD simulated with the
dose actor.

Results as the summed up spectra weighted by stopping power show a clear shift
in the Bragg peaks and therefore an offset in range. The usage of different water
materials showed an absolute difference of 0.138 ¢m and in terms of relative deviation
about 0,5%, which does not seem large, but working with the wrong material would
lead to a crucial non tolerable difference in the RBE-weighted dose in the treatment
plans in the TPS RS.
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5. Particle energy spectra in GATE/Geant4

5.4 Conclusion

For the purpose of reliably scoring the fluence and therefore the energy spectra, an
energy spectrum actor was developed in GATE/Geant4, based on the track length
approach. Particle energy spectra were simulated at MA, using GATE version 8.2
in combination with Geant4 10.03.p03 and a dedicated beam model including a full
geometrical description of the nozzle elements. 58 energies were simulated covering
the full therapeutical energy range available for Carbon ion beams at MA. The
spectra were simulated and later extracted in a 50 cm deep water phantom with
a resolution of 1mm, storing the data in a binary file with a specific file structure.
Different methods to compare the particle energy spectra generated from different
MC codes, FLUKA and GATE/Geant4, have been applied.

Fragment build up evaluation revealed, that the build up curves were similar and
showed the predicted behavior, a steep build up of secondaries in the first centimeters
in water. The amount of protons was predicted higher in the MA-GATE spectra
with a maximum difference of up to 10 %, while the secondary production of Helium
ions was predicted lower in the MA-GATE spectra by about 8 %, close to the Bragg
peak position in water.

The fluence averaged energies calculated for both spectra confirm heavier particles
show higher fluence-average energies than lighter particles before the Bragg peak,
followed by a steep decrease of energy after the Bragg peak for the heavier particles.
For the 320 MeV /u Carbon ion beam, proton and Helium ion energies, were predicted
about 10-15% higher for the MA-GATE spectra, whereas Boron ion energies were
10-15 % higher for the RS-FLUKA spectra before the Bragg peak depth in water.
Lithium and Berylium are matching within 5% differences before the Bragg peak.
After the Bragg peak the fluence averaged energies fit within total differences of 5%
with local disagreements.

The comparison of the IRPD for the recomputation with the spectra and the IRPD
scored with the dose actor has shown that our simulation methods were consistent
within an absolute difference of 0.01 cm and a relative deviation of 0.3% for a 120
MeV /u Carbon ion beam and with an absolute difference of 0.02 cm and a relative
deviation of 0.01% for a 400 MeV /u Carbon ion beam. Within a direct comparison
of the MA-Gate and the RSL-FLUKA spectra, the fluence agreed well for the main
contribution, the primary Carbon ions. However, the fluence at low energies below
1 MeV /u was considerably lower in GATE for all secondary particles and mainly for
the proton and Helium fluence components.

The impact on the RBE weighted dose, by the differences in fluence, fluence averaged
energies and range observed, is exptected to be low but needs to be quantified.
Therefore an evaluation was carried out which can be found in the next Chapter 6.

64


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

O

RBE-weighted dose evaluation

6.1 Introduction

In the previous chapters, we have laid the foundation of this chapter by collecting
the pieces needed for the creation of the beam models used for the comparison in
the treatment planning system RayStation at MedAustron.

Beam model generation in Beam model generation in
RaysStation with FLUKA spectra RayStation with MA-
by RSL GATE/Geant4 spectra by RSL
(“RSL-FLUKA"” beam model) (“MA-Gate”beam model)

Evaluation of the RBE - weighted

» dose in the Treatment Planning [€
k System RS J

Figure 6.1: Workflow chart of the RBE-weighted dose evaluation in RS.

In this chapter, we present the comparison of different treatment cases, where two
different beam models were applied. As visible in Figure 6.1 the beam model "MA-
GATE" uses energy spectra created in GATE/Geant4, while the beam model "RSL-
FLUKA" uses energy spectra simulated in FLUKA. Both beam models use the basic
Carbon beam measurements from MA.
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6. RBE-weighted dose evaluation

6.2 Materials and Methods

Following the MA treatment guideline for Carbon ion radiotherapy for mucosalme-
lanoma in the head and neck, we present the shortened version of the standard
procedure used for planning.[KohlenstoffTherapiekonzept M A 19|
Each patient undergoes the following steps:

« immobilization (headrest, moldcare)

« simulation imaging (CT, MRI)

e structure contouring

o dose prescription

e beam angle selection

e optimization and final dose calculation

Target volumes

For each patient, a GTV, a larger CTV1 and a smaller CTV2 was contoured. The
GTYV was contoured considering the post contrast enhanced T1 weighted MR, the
T2 weighted MR and the DWI MR. GTV was adapted on the CT scan to account
for potential mismatch in image fusion. The CTV1 accounts for areas with risk of
microscopic infiltration. The GTV was expanded geometrically by 15-20 mm. All
partially involved compartment are entirely included in CTV1. The CTV2 is a 10-
15 mm geometric expansion of the GTV without expansion for clinically negative
lymph nodes or mucosa. CTV2 is adapted for anatomy analogously to CTV1. CTV2
is not extend outside CTV1.

PTV1 and PTV2 were obtained expanding CTV1 and CTV2 3 mm isotropically.

Dose prescription

A shrinking field approach is employed. Nine fractions are prescribed to PTV1 and
seven fractions are subsequently prescribed to PTV2. Dose per fractions is either
4.1 Gy or 4.3 Gy based on expected toxicity.

PTV1: 38.7 Gy in 9 fractions of 4.3 Gy at four fractions per week.

PTV2: 30.1 Gy in 7 fractions of 4.3 Gy at four fractions per week.

Total dose to PTV2: 68.7 Gy in 16 fractions of 4.3 Gy at four fractions per week.
Prescription and optimization is done in terms of RBE-weighted dose. RBE is
calculated by the TPS from Raysearch using the Local Effect Model (LEM) version
I, with the following parameters (a 0.1 Gy', 3 0.05 Gy?, Dt 30 Gy, nuclear radius
five pum).
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6. RBE-weighted dose evaluation

6.2.1 RBE-weighted dose comparison in water geometry

A comparison of the RBE-weighted dose computed with the "RSL-FLUKA" beam
model and the one computed with the "MA-GATE" beam model was performed first
in water. We investigated the RBE-weighted dose differences for the two different
beam models for different regular shaped fields box-like targets and mono-energetic
square fields in water. The boxes which were investigated have the following dimen-
sions:

e box 6 X 6 x 6 cm® - centered at 6 cm depth in water (called box6)

e box 8 x 8 x 8 cm?® - centered at 13 cm depth in water (called box8)

e box 10 x 10 x 10 cm?® - centered at 21.8 cm depth in water (called box10)

Figure 6.2: Dose distributions of the three box- like targets. From the left to the
right the box6, box8 and box10. (For visualization purposes, the actual image was
scaled, therefore boxes dont appear quadratic)

RBE-weighted dose distributions were computed for regular shaped fields (boxes) in
water in RS v8B. The biological model that has been used to calculate the RBE was
LEM I. Three treatment plans were optimized having box6 centered at a depth of 6
cm at ISDO (see also 4.2.1), box8 at ISDO0 centered at a depth of 13 cm and a box of
box10 centered at a depth of 21.8 cm as a target at ISD0. (shown in Figure 6.2) In
addition we planned a superficial target with RaShi (box of 6 x 6 x 6 cm? centered
at 5 cm at ISD50). We use a Range Shifter (RaShi) with a water equivalence of
3.5 c¢cm to pull back the Bragg peak. A RBE-weighted dose of 2.3 Gy (RBE) was
planned for each box.
Additionally different energy layers were investigated and each energy layer geometry
covered one mono energetic Carbon ion beam. The following energy layers were
investigated:

 energy layer for a Carbon ion beam of 120 MeV /u

o energy layer for a Carbon ion beam of 284.7 MeV /u

« energy layer for a Carbon ion beam of 402.8 MeV /u
Also the layers were planned and optimized with a total RBE-weighted dose of
2.3 Gy (RBE) for each geometry.
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6. RBE-weighted dose evaluation

6.2.2 RBE-weighted dose comparison in patient geometry:

clinical cases in test environment

As a second step five different clinical plans were investigated with the following
characteristics:

patient 1 - head and neck tumour (clinical indication: Skullbase chordoma)
patient 2 - head and neck tumour with bolus (clinical indication: HN sarcoma)
patient 3 - head and neck tumour with hypofractionation (clinical indication:
HN RT)

patient 4 - head and neck tumour with hypofractionation (clinical indication:
ReRT)

patient 5 - head and neck tumour with hypofractionation (clinical indication:
HN ACC)

An overview of the different patient anatomies and dose distributions is given in
Figure 6.3.
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6. RBE-weighted dose evaluation

(c) Plan 3 - dose distribution overview (d) Plan 4 - dose distribution overview

(e) Plan 5 - dose distribution overview

Figure 6.3: Overview of the clinical plans showing a slice of the patients anatomy
and dose distribution in the transversal plane.
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6. RBE-weighted dose evaluation

6.3 Results

6.3.1 RBE-weighted dose comparison in water geometries

25

-
w

Dose [Gy(RBE)]
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T A
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o
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|| Above 95% of prescribed dose
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X
\\7&
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Depth [cm]

Figure 6.4: RBE-weighted integrated radial profile as a function of depth to visu-

alize the different regions investigated.

Figure 6.4 is used to explain the results of the smallest box with the nearest position
refered to the beam. Three different regions were analyzed:

« the plateau (entrance) region - up to 90 % prescribed dose

« the target (SOBP) region - above 95% of prescribed dose

o the fragmentation tail - ranging from 5 % to 0.1 % of the prescribed dose
The relative deviations of the RBE-weighted doses were computed as:

Relative Deviation =

RS-FLUKA dose — MA-GATE dose

RS-FLUKA dose x 100 (6.1)
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Figure 6.5: RBE-weighted integrated radial profile as a function of depth for the
mono-energetic layer at 1440 MeV.

In Figure 6.5 the RBE-IRPD of the pristine BP layer target is shown. We see less
than 3% deviation in the entrance region till the Bragg peak, while at the Bragg
peak fall off region, which starts after the peak and ends at the beginning of the
fragmentation tail, we see an increase of deviation of dose up to 5%. This might be
due to a small energy shift of the different beam models as the BP is very sensitive to
the range. In the fragmentation tail we observe deviations of up to + 15% difference
and the reason for this might be, that we have a low dose region with fluctuation,
where the absolute deviation is small.
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6. RBE-weighted dose evaluation

» MA GATE/GEANT4 Spectra
— RS FLUKA Spectra 40
MA GATE vs RS FLUKA
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Figure 6.6: This Figure shows the RBE-weighted SOBPs for the different beam
models. The dose from the MA GATE/Geant4 Spectra beam model is visible as
the darker (dotted) line and the dose calculated with the RS FLUKA spectra beam

model is displayed as the thin solid line. Relative deviation in % is shown as the
blue dashed-dotted line.

A comparison was made of the RBE-weighted SOBPs from the different beam mod-
els. Figure 6.6 shows one of the SOBPs for the box6 target. We see the highest
relevant deviations in the distal part of the target, marked by the small red circle
in the graph. The bigger elliptical structure shows a higher deviation in the deeper
fragmentation tail, but there we also see a low dose as already mentioned in the case
for the layer target.

Table 6.1: Summary of the different results obtained in the target boxes in water.

Box Result Summary

Box 6

Box 8

Box 10

Box 6 w/ RaShi

Plateau
Target
Tail

0.4% £0.3%

02% *02%

0.1%%* 0.2%

03%* 0.1%

07% £0.7%

03% £03%

0.1% £0.2%

06%* 04%

-3.0%t 2.2%

-33%126%

-46% £1.5%

41%t 21%

In Table 6.1, the three results from different boxes are summarized. If we take a look
at the fragmentation tail, we can assume for deeper and bigger boxes, we expect
dose underestimation in the fragmentation tail by the RBE-weighted dose created

by the MA-GATE beam model compared to the RS-FLUKA beam model.
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6. RBE-weighted dose evaluation

6.3.2 RBE-weighted dose comparison in patient geometry:
clinical cases in test environment

We show patient plan number five out of the five clinical plans investigated in detail
and give a summary of the results of the different plans in this section. The clinical
case presented is an HN tumor. For the PTV1 a Dose of 45 Gy (RBE) was prescribed
in a fractionation scheme of 15x3 Gy RBE. The PTV2, which is sequential to the
PTV1, has a prescribed dose of 15 Gy (RBE) delivered in 5 fractions. The dose of
the PTV1 and PTV2 is achieved by six different beams as can be seen in Figure 6.7.

(c) Beamset 3

Figure 6.7: Three different beamsets applied to the patient in order to guarantee
the dose distribution needed for PTV1 and PTV2.
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6. RBE-weighted dose evaluation

Dose distribution overview and dose difference

Figure 6.8 shows an overview of the dose distribution and also the dose differences
induced by the different beam models '"MA-GATE’ vs 'RSL-FLUKA’. We see differ-
ences of up to 3% in minor local parts of the plan, which corresponds to differences
of up to 2 Gy (RBE), but as these differences only appear in local spots, they are
acceptable.

(a) dose distribution overview (b) dose differences

Figure 6.8: Left: Overview of the clinical patient plan number five, planned with
the RSL-FLUKA clinical beam model and recomputed with the MA-GATE beam
model; Right: Dose differences due to the different beam models "MA-GATE" vs
RSL-FLUKA in the RBE-weighted dose distribution. In the right picture small
differences are visible in the nose region of up to 3%.

Organs at risk and target results

The plan for patient 5 was created with the focus on meeting the constraints given
for the organs at risk and target volumes, which are summarized in the patient plan
5 results summary in Table 6.3 and Table 6.2.

In Figure 6.9 the dose volume histograms for the two different RBE-weighted dose
distributions at the organs at risk are shown. The different DVH for the target
volumes are displayed in Figure 6.10. There are no relevant clinical differences
comparing the DVHs computed with the "RSL-FLUKA" model and with the "MA-
GATE" model for all OARs and PTVs.
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6. RBE-weighted dose evaluation
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Figure 6.9: Displayed are dose volume histograms of the OARs extracted from
patient plan 5. In purple the brainstem, in blue the chiasm, in black the spinal
cord, in red the opticus left and in flesh tone the opticus right is viewed. Doses from
the MA-GATE beam model are viewed in a solid line while the RS-FLUKA beam
model doses are displayed in crosses.

100
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Figure 6.10: Displayed are dose volume histograms of the target volumes extracted
from patient plan 5. In purple the GTV is viewed, cyan is the PTV1 and red is the
PTV2. Doses from the MA-GATE beam model are viewed in a solid line while the
RS-FLUKA beam model doses are displayed in crosses.
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6. RBE-weighted dose evaluation

In Table 6.2 and Table 6.3 we list a brief summary of the dose differences in the
critical volumes and targets of the different clinical plans. The maximum deviation
for the target volumes was less than 2% with the highest deviation in Plan 3 for the
minimum dose DRBE,99 of 1.9%. The organs at risk showed a maximum deviation of
up to 5.9% in the spinalcord in plan number 5. We observed higher deviations if the
nominal (observed) doses were far below the expected (prescribed) dose maximum.
We also made a comparison of single beamsets with and without RaShi and similar
results were found. No clinical relevant differences were found between the doses
computed with the different beam models 'RSL-FLUKA’ and '"MA-GATE’ for the
clinical plans.

Table 6.2: Summary of the clinical plan results for organs at risk. Each table
shows the following: The minimum dose DRBE,99%, the median dose DRBE,50%
and DRBE,1% for different targets PTV1, PTV2, PTV3, CTV1, CTV2, GTV.
The relative deviations of the RBE-weighted doses were computed as ("RS-FLUKA
dose’)-CMA-GATE dose’)/("RS-FLUKA dose’)x100. (eq. 6.1)

(a) Plan 1 results for target volumes.

Target Volumes PTV1 PTV2 PTV3
minimum dose DRBE,99% 0.5% 0.3% 0.8%
median dose DRBE,50% 0.5% 0.4% 0.4%
maximum dose DRBE,1% 0.5% 0.5% 0.6%
(b) Plan 2 results for target volumes.
Target Volumes PTV1 PTV2 PTV3
minimum dose DRBE,99% 0.8% 0.9% 0.6%
median dose DRBE,50% 0.5% -1.1% 0.5%
maximum dose DRBE,1% 0.7% 0.7% 0.7%
(c) Plan 3 results for target volumes.
Target Volumes PTV1 CTVv1 GTV1
minimum dose DRBE,99% 1.9% 1.4% 1.4%
median dose DRBE,50% 0.6% 0.6% 0.6%
maximum dose DRBE,1% 0.5% 0.4% 0.4%
(d) Plan 4 results for target volumes.
Target Volumes PTV1 PTV2 GTV
minimum dose DRBE,99% 1.7% 1.0% 1.2%
median dose DRBE,50% 0.5% 0.8% 0.5%
maximum dose DRBE,1% 0.8% 0.8% 0.8%
(e) Plan 5 results for target volumes.
Target Volumes PTV1 PTV2 CTV2
minimum dose DRBE,99% 0.1% 0.1% 0.3%
median dose DRBE,50% 0.2% 0.2% 0.2%
maximum dose DRBE,1% 0.1% 0.3% 0.3%
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6. RBE-weighted dose evaluation

Table 6.3: Summary of the clinical plan results for organs at risk. Each table shows
the following: The expected (prescribed) maximum dose, the nominal (observed)
dose and the relative deviation of different organs: brainstem, spinal cord, chiasm,
opticus left, opticus right, cochlea left, cochlea right, templobe left and the macula
left. The relative deviations of the RBE-weighted doses were computed as (‘RS-
FLUKA dose’)-("MA-GATE dose’)/(’RS-FLUKA dose’)x100. (eq. 6.1)

(a) Plan 1 results for organs at risk.

Organs at risk

‘ brainstem ‘ spinalcord ‘ chiasm ‘ opticusLeft ‘ opticusRight

Relative deviation:

0.4% 0.5% 0.2% 0.1% 1.0%

Dmax(expected)

54 Gy(RBE) 54 Gy(RBE) 50 Gy(RBE) 50 Gy(RBE) 50 Gy(RBE)

Dmax(nominal)

53.83 Gy(RBE) 53.75 Gy(RBE) 45.33 Gy(RBE) 43.84 Gy(RBE) 46 Gy(RBE)

(b) Plan 2 results for organs at risk.

Organs at risk

‘ brain ‘ brainstem ‘ chiasm ‘cochleaRIGHT‘templobeLEFT

Relative deviation:

0.9% 1.0% 1.5% -0.3% 0.6%

Dmax(expected)

69 Gy(RBE) 46 Gy(RBE) 45 Gy(RBE) 43 Gy(RBE) 69 Gy(RBE)

Dmax(nominal)

74.59 Gy(RBE) 56.39 Gy(RBE) 59.94 Gy(RBE) 11.18 Gy(RBE) 63.07 Gy(RBE)

(c) Plan 3 results for organs at risk.

Organs at risk

‘ brainstem ‘ spinalcord ‘ chiasm ‘ opticusLeft ‘ opticusRight

Relative deviation:

-2.9% 4.7% -0.1% 0.1% -4.6%

Dmax(expected)

40 Gy(RBE)  35Gy(RBE) 40 Gy(RBE) 22 Gy(RBE) 34 Gy(RBE)

Dmax(nominal)

27.25 Gy(RBE) 6.43 Gy(RBE) 40.47 Gy(RBE) 23.2 Gy(RBE) 1.75 Gy(RBE)

(d) Plan 4 for organs at risk.

Organs at risk

‘ brainstem ‘ chiasm ‘templobeLEFT‘ macuIaLEFT‘ coclealEFT

Relative deviation:

1.0% 1.5% 0.7% -1.5% -0.1%

Dmax(expected)

46 Gy(RBE) 45 Gy(RBE) 54 Gy(RBE) 40 Gy(RBE) 30 Gy(RBE)

Dmax(nominal)

53.83 Gy(RBE) 39.63 Gy(RBE) 66.93 Gy(RBE) 7.14 Gy(RBE) 18.82 Gy(RBE)

(e) Plan 5 for organs at risk.

Organs at risk

‘ brainstem ‘ spinalcord ‘ chiasm ‘opticusRIGHT‘ opticusLEFT

Relative deviation:

-1.6% 5.9% -1.6% -0.8% -0.9%

Dmax(expected)

20 Gy(RBE) 20 Gy(RBE) 0.4 Gy(RBE) 0.4 Gy(RBE) 15 Gy(RBE)

Dmax(nominal)

4.25 Gy(RBE) 0.36 Gy(RBE) 0.63 Gy(RBE) 14.32 Gy(RBE) 13.19 Gy(RBE)
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6. RBE-weighted dose evaluation

6.4 Conclusion

In the last Chapter 5 it was found that the MA-GATE and the RSL-FLUKA fluence
agreed well for the main contribution, the primary Carbon ions. However, the
fluence at low energies was considerably lower in GATE for all secondary particles
and mainly for the proton and helium fluence components. The dose contribution
of low energy particles in the spread-out Bragg peak (SOBP) is low, but the impact
on RBE-weighted dose needs to be quantified as the RBE is non-linearly increasing
with decreasing energy.

To conclude this chapter, a comparison was made on different target geometries,
boxes and layers in water evaluating the RBE-weighted dose. In addition different
clinical head and neck cases were investigated.

Single energy layer results revealed that the compared RBE-weighted dose generated
by the two different beam models the MA-GATE and RSL-FLUKA models differ
about less than 3% in the entrance region till the Bragg peak, whereas during the
Bragg peak fall off region the deviation increases up to 5% and in the fragmentation
tail differences of up to 15% were found.

For the boxes in water three regions were investigated. The deviations found in
the plateau region were less than 0.5%, in the target region less than 1% and in
the fragmentation tail less than 5%. The results from the fragmentation tails are
tolerable because the fragmentation tail is a low dose region, with a small absolute
but a high relative dose deviation.

In the five clinical cases we investigated the dose distributions showed differences of
up to 3% restricted to local spots. The target volume dose deviations were found
to be up to 2%, the maximum dose difference found in the organs at risk in the
clinical plans was 5.9%, although this value and other higher deviations were found
when the expected (prescribed) dose for organs at risk was far above the nominal
(observed) dose. In total no relevant clinical differences were found neither in the
target geometries in water nor in the clinical cases in the delivered dose produced

by the beam models 'RSL-FLUKA’ and "MA-GATE".
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Conclusion

In this project, where we focused on creating reliable fragment particle energy spec-
tra to calculate the RBE-weighted dose, it was crucial to find a trustworthy MC
physics builder.

For the process of finding the right candidate it was necessary to perform prelimi-
nary beam modeling for the beam model at the fixed Carbon beam line in irradiation
room 2 at the therapeutic energy range (120 MeV /u to 402.8 MeV /u). For this pur-
pose measurements have been carried out at MA, in the IR2 at four different energies
with three different sized Bragg peak chambers (r=19.8 mm,40.8 mm and 73.5 mm)
in a 3D computerized water scanner ("MP3-PL’).

These measurements served as a foundation for the beam tuning which was done
with the physics builder 'Shielding EM Z' (QMD). Optical properties of the beam
model were given by the therapy accelerator team and were set constant to repro-
duce a spot size of 2 mm in terms of FWHM at isocenter in vacuum during the
process of beam modeling. In the tuning, we achieved a maximum deviation of
less than 7% at the highest energy in the Bragg peak width and a difference in the
Range80 at the lowest energy of less than 0.5% for the medium-sized Bragg peak
chamber.

We could use the beam model, tuned at four different energies, for a comparison of
the selected different physics builder QGSP_BIC _HP (BIC), Shielding (QMD)
and QGSP_INCLXX (INCL++). The results show that the nuclear model BIC
had the best match overall with the measurements, INCL++ was the fastest and
QMD was the slowest but also the most reliable which is desirable in the clinical
environment. The agreement of the nuclear models BIC and QMD was similar but
we found unphysical behavior in the IRPD using the BIC nuclear model so we de-
cided for the builder 'Shielding EMZ' (QMD).

The results of this physics builder sensitivity study are in accordance with previous
studies. [Luehr12] [Boehlen10] Based on our results and the agreement with se-
lected literature we used 'Shielding EMZ' (QMD) as the physics builder of our
choice for the simulations in Chapter 5. For the purpose of reliably scoring the
fluence and therefore the energy spectra, an energy spectrum actor was developed
in GATE/Geant4, based on the track length approach. Particle energy spectra were
simulated at MA, using GATE version 8.2 in combination with Geant4 10.03.p03
and a dedicated beam model including a full geometrical description of the nozzle
elements. 58 energies were simulated covering the full therapeutical energy range
available for Carbon ion beams at MA. The spectra were simulated and later ex-
tracted in a 50 cm deep water phantom with a resolution of 1mm, storing the data
in a binary file with a specific file structure. Different methods to compare the parti-
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7. Conclusion

cle energy spectra generated from different MC codes, FLUKA and GATE/Geant4
were applied.

Fragment build up evaluation revealed, that the build up curves were similar and
showed the predicted behavior, a steep build up of secondaries in the first centime-
ters in water. The amount of protons was predicted higher in the MA-GATE spectra
with a maximum difference of up to 10%, while the secondary production of helium
ions was predicted lower in the MA-GATE spectra by about 8%, close to the Bragg
peak position in water.

The fluence averaged energies calculated for both spectra confirmed heavier particles
show higher fluence-average energies than lighter particles before the Bragg peak,
followed by a steep decrease of energy after the Bragg peak for the heavier particles.
For the 320 MeV/u Carbon ion beam, proton and Helium ion energies, were pre-
dicted about 10-15% higher for the MA-GATE spectra, whereas Boron ion energies
were 10-15 % higher for the RS-FLUKA spectra before the Bragg peak depth in
water. Lithium and Berylium are matching within 5% differences before the Bragg
peak. After the Bragg peak the fluence averaged energies fit within total differences
of 5% with local disagreements.

The comparison of the IRPD for the recomputation with the spectra and the IRPD
scored with the dose actor has shown that our simulation methods were consistent
within an absolute difference of 0.01 cm and a relative deviation of 0.3% for a

120 MeV /u Carbon ion beam and with an absolute difference of 0.02 cm and a
relative deviation of 0.01% for a 400 MeV/u Carbon ion beam. Within a direct
comparison of the MA-Gate and the RSL-FLUKA spectra, the fluence agreed well
for the main contribution, the primary Carbon ions. However, the fluence at low
energies below

1 MeV /u was considerably lower in GATE for all secondary particles and mainly for
the proton and Helium fluence components.

The impact on the RBE weighted dose, by the differences in fluence, fluence aver-
aged energies and range observed, is exptected to be low but needs to be quantified
and therefore an evaluation was carried out which can be found in Chapter 6. The
dose contribution of low energy particles in the spread-out Bragg peak (SOBP) is
low, but the impact on RBE-weighted dose needs to be quantified as the RBE is
non-linearly increasing with decreasing energy.

A comparison was made on different target geometries, boxes and layers in water
evaluating the RBE-weighted dose. In addition different clinical head and neck cases
were investigated.

Single energy layer results revealed that the compared RBE-weighted dose generated
by the two different beam models the MA-GATE and RSL-FLUKA models differ
about less than 3% in the entrance region till the Bragg peak, whereas during the
Bragg peak fall off region the deviation increases up to 5% and in the fragmentation
tail differences of up to 15% were found.

For the boxes in water three regions were investigated. The deviations found in
the plateau region were less than 0.5%, in the target region less than 1% and in
the fragmentation tail less than 5%. The results from the fragmentation tails were
tolerable because the fragmentation tail is a low dose region, with a small absolute
but a high relative dose deviation.
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7. Conclusion

In the five clinical cases we investigated the dose distributions showed differences of
up to 3% restricted to local spots. The target volume dose deviations were found
to be up to 2%, the maximum dose difference found in the organs at risk in the
clinical plans was 5.9%, although this value and other higher deviations were found
when the expected (prescribed) dose for organs at risk was far above the observed
dose. In total no relevant clinical differences were found neither in the target ge-
ometries in water nor in the clinical cases in the delivered dose produced by the
beam models 'RSL-FLUKA’ and '"MA-GATE’. Consequently, Geant4/GATE may
be used to independently validate Carbon ion beams for commissioning of a Carbon
ion beam model and the generation of the particle energy spectra required for the
LEM I model and further the RBE-weighted dose computation.
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Workflow chart of the RBE-weighted dose evaluation in RS.
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Overview of the clinical plans showing a slice of the patients anatomy
and dose distribution in the transversal plane.

RBE-weighted integrated radial profile as a function of depth to vi-
sualize the different regions investigated.
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This Figure shows the RBE-weighted SOBPs for the different beam
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is visible as the darker (dotted) line and the dose calculated with the
RS FLUKA spectra beam model is displayed as the thin solid line.
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Displayed are dose volume histograms of the OARs extracted from
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the spinal cord, in red the opticus left and in flesh tone the opticus
right is viewed. Doses from the MA-GATE beam model are viewed
in a solid line while the RS-FLUKA beam model doses are displayed
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Displayed are dose volume histograms of the target volumes extracted
from patient plan 5. In purple the GTV is viewed, cyan is the PTV1
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