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Abstract

Purpose: To compare various modalities of radiotherapy for the treatment of atypical

meningioma.

Methods: The delineation of two target volumes (PTV,itir and PTV pyost) was done
for ten patients. Intensity-modulated radiation treatment plans with prescribed doses
of 50 Gy(RBE) and 18 Gy(RBE) were generated for photons (IMXT), protons (IMPT)
and carbon ions (}2C), respectively. For light ion beam treatments, a horizontal fixed
beam line without gantry was assumed. The following treatment modality combinations

were compared:

e IMXT (initial) + IMXT/IMPT/*2C (Boost),
e IMPT (initial) + IMPT/!2C (Boost),

e 12C (initial) + 12C (Boost).

Treatment plan quality was analyzed and compared on the basis of dosimetric parame-

ters, such as conformity index, homogeneity index, and various dose-volume parameters.

Results: Results revealed that sole light ion modalities are the better alternative, con-
sidering the reduced integral dose and the higher degrees of homogeneity and conformity,

when compared to photon therapy.

IMPT and '2C exhibited similar characteristics, with '?C leading to a sharper penumbra

around the target volume and reduced integral dose.

The light ion treatment modalities demonstrated better sparing of the organs at risk,
due to the reduced high-dose areas. Particularly with respect to brainstem, eyes and
cerebellum, the dose burden was reduced to a minimum and the dose parameters differed

significantly from those of the photon therapy.

Conclusion: Even though a fixed horizontal beam with protons and carbon ions was

used, various improvements were achieved as compared to the IMXT: higher levels of
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conformity and homogeneity of the target volumes, and a better sparing of the organs

at risk.



Kurzzusammenfassung

Ziel: Ziel dieser Diplomarbeit war der Vergleich verschiedenen Bestrahlungsmodalitéten

flir atypische Meningiome.

Methoden: Bei 10 Patienten wurden jeweils zwei Zielvolumina (PTV i und PTV poost)
eingezeichnet. Intensitatsmodulierte Bestrahlungsplane mit einer vorgeschriebenen Do-
sis von 50 Gy(RBE) beziehungsweise 18 Gy(RBE) wurden fiir Photonen (IMXT), Pro-
tonen (IMPT) und Kohlenstoffionen (12C) mit Hilfe unterschiedlicher Bestrahlungspla-
nungsprogramme erstellt. Fiir die Protonen und Kohlenstoffionen wurde ausschliellich

eine horizontale Strahlaustrittsrichtung ohne Gantry angenommen.

Es wurden folgende Kombinationen aus den unterschiedlichen Modalitédten erstellt:

e IMXT (initial) + IMXT/IMPT/!2C (Boost),
e IMPT (initial) + IMPT/!2C (Boost),

e '2C (initial) + C (Boost).

Die Qualitét der Plane wurde anhand dosimetrischer Parameter wie des Konformitéitsindex,
des Homogenitatsindex und diverser Dosis-Volumen Parameter wie der maximalen und

der mittleren Dosisbelastung analysiert und verglichen.

Resultate: Als Ergebnis dieser Studie lasst sich zusammenfassen, dass eine Bestrahlung
mit ausschlielich Leichtionen der Photonentherapie hinsichtlich der reduzierten inte-

gralen Dosis, der hoheren Homogenitat sowie der hoheren Konformitét tiberlegen war.

IMPT und 2C wiesen dhnliche Charakteristika auf, wobei mit 12C ein steilerer Dosis-

gradient um das Zielvolumen und eine reduzierte integrale Dosis erreicht wurde.

Hinsichtlich der Risikoorgane zeigten die Leichtionentherapien eine bessere Schonung
durch einen reduzierten Hochdosisbereich. Besonders bei beiden Augen, dem Hirn-
stamm und dem Kleinhirn fiel die Dosisbelastung im Vergleich zur Photonentherapie in

Niedrigdosisbereiche ab und die Dosisparameter unterschieden sich signifikant.
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Konklusion: Verglichen mit IMXT konnten trotz der Verwendung eines horizontalen
Strahles mit Protonen und Kohlenstoffionen Verbesserungen hinsichtlich der Konfor-
mitét und der Homogenitét der Zielvolumen und eine bessere Schonung der Risikoorgane

erreicht werden.
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Introduction

History of photon therapy

The discovery of X-rays by K.W. Roentgen in the year 1895 represents the birth of
radiotherapy (RT) [I]. X-rays are a form of electromagnetic radiation with a wavelength
in a range of 0.01 to 10 nm, corresponding to photon energies in the range of 100 eV to
100 keV ([2],p.11). Already in those early days of radiation physics, scientists endeavored
the utilization of the discovered radiation for medical purposes. For example, skin lesions
were treated with the aid of X-rays. Due to the lack of physical and biological knowledge,

however, the first attempts were barely successful.

In the course of the following decade, the fundamentals of subatomic and electromagnetic
particles were discovered. Soon after Roentgen’s milestone H. Becquerel reported about
the phenomenon of radioactivity [3], and P. and M. Curie discovered radium [4]. In the
year 1896, the first successful treatment with X-rays was already performed by L. Freund
in Vienna [5]. A five year old girl suffering from hairy moles covering her whole back
was treated. However, resulting from the lack of knowledge regarding the interaction
of radiation and biological tissue cancer control was neglected and the lethal rate was
high [6]. In 1901, H. Becquerel and P. Curie published a paper about physiologic effects
caused by radium radiation [7], which inspired scientists to consider medical treatments
for various diseases. In the year 1904, one of the first RT reports about the medical

applications of X-rays and radium, the so-called Curie-therapy, were available [8], 9].

During the first three decades of the 20th century physicists and biologists tried to gather
information about the correlation between time and dose on cell survival in terms of
radiation therapy. Around 1930, C. Regaud [10] and H. Coutard [I1] discovered that
less exposure to radiation resulted in cell recovery. Furthermore, they found that healthy
tissue cells are able to recover better from radiation injuries than cancerous tissue cells.
For the first time, they considered fractionated therapy in which the total radiation dose
is delivered in parts, in order to minimize the negative reaction and side effects on the

healthy tissue.
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The development of the first super-voltage X-ray tubes provided the basis for linear
accelerators for photon radiation, in the late 1920’s [I2]. The linear accelerators were
grounded on the principle of applying a dynamic electromagnetic field. From the 1950’s
on, cobalt teletherapy machines and megavoltage linear accelerators were developed.
The first linear accelerators for clinical purposes became available around 1955, but

were put to widespread use in the 1960’s and 1970’s [13].

In the past decades, technological progress depended on the improvement of com-
puter and imaging techniques which nowadays realize three-dimensional based treat-
ment planning for radiotherapy. Computer Tomography (CT)- and Magnetic Resonance
(MR)- scans are necessary and indispensable for a good differentiation of tumor volume
from healthy surrounding organs in the process of radiotherapy treatment planning
([14],chapter 31).

In order to achieve high doses around the tumor volume and to avoid high exposure of
normal tissue to radiation, conformal radiation therapy (CRT) was proposed performing
geometrical field shaping ([I4],chapter 43). Nowadays, beside CRT Intensity-Modulated
radiotherapy (IMXT), based on the principle of inverse dose optimisation, is a widely
used radiotherapy technique, which had been described for the first time in the year 1978.
In the mid 1990’s it was applied in practice, following improvements and developments

of the computer equipment [15].

History of light ion therapy

In the beginning of the 20th century, when the first therapy forms with X-rays were
established, E. Rutherford [16] used X-rays and radiation of radioactive atoms to initiate
electrical conduction in gases and discovered two types of emission: the alpha rays and
the beta rays. In 1911, Rutherford postulated the nuclear model of the atom which was
later adapted by N. Bohr. In 1919 Rutherford performed an experiment in which alpha
particles were shot at nitrogen atoms to demonstrate that ejected particles occurred
which appeared to be the nuclei of hydrogen. Rutherford named these positively charged

particles “protons”.

In the 1930’s, E.O. Lawrence developed the first cyclotron for protons [I7]. The cy-
clotrons were based on the principle of applying a potential difference like linear acceler-
ators and provided the basis for the first particle accelerators [I8|, 19, 20]. Furthermore,
two milestones in the 1940s were the establishment of the first electron beam therapy
by means of a betatron and the invention of the synchrotron [2I] which enables phase

stability for reaching high energy levels without any need of enlarging the device as with
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cyclotrons ([22],p.161,[23],p.61). However, the concept of phase stability became the
basis for electron and high energy proton accelerators thereafter ([24],p.334f).

In the year 1946, Robert R. Wilson, the founding director of Fermi National Labs,
suggested that the dose distribution characteristics of light ion beams, like proton beams,

might be an attractive option for the radiation therapy of cancer [25].

One of the most crucial difference between photons and light ions is their depth dose char-
acteristics (Figure . When photons interact with biological tissue, stochastic events
like absorption processes and scattering processes occur. Consequently, the photon beam
spreads rapidly after entering the tissue and has no defined range. Correspondingly, the
absorption curve of the photon beam reveals an initial build up area followed by an

exponentially dose decrease ([24],p.46f).

Contrary to the photon beam, light ion beams do have a finite range and less scattering
due to their mass. The interaction probability and so the probability of ionization
increase with the loss of the particle’s velocity through the tissue. The dose maximum,
the so called Bragg peak, occurs at a depth proportional to the initial energy of the
particles [25] 20, 27, 28] (Figure .

I e e e

T
Proton
Photon 6MV
Carbon

Energy Deposition [arb. Unit]

Penetration Depth [cm]

FIGURE 1: Comparison of the depth dose distribution of photons, protons and carbon
ions as a function of the penetration depth

About ten years after the suggestions by Wilson, the Lawrence Berkeley Laboratory
performed initial clinical studies on patients [29] and the Gustav Werner Institute in
Sweden began with proton treatment research [30]. The first hospital-based proton
facility was built at the Loma Linda University Medical Center (LLUMC) in the USA
in the 1970’s [31].
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Since the 1950’s also radiation treatment with ions heavier then protons were of inter-
est and several studies were initiated. From the late 1950’s up to the early 1990’s the
Lawrence Berkley Laboratory for example treated 2054 patients with helium ions [32].
Moreover, between 1975 and 1992, 433 patients have been treated with ions like neon,
argon or carbon [33]. Currently, radiation therapy with carbon ions is performed in
Europe at Centro Nazionale di Adroterapia Oncologica (CNAO) in Italy and at Hei-
delberg Ionenstrahl-Therapiezentrum (HIT) in Germany ([24],p.688f). Another therapy
center, called MedAustron, is built at Wiener Neustadt in Austria and the first patient

treatment is planned for 2015.

The aim of this master thesis is to analyse the characteristics of modern X-ray, proton
and carbon ion therapy forms and to compare and highlight specific benefits and advan-

tages of these three treatment methods by means of skull based meningioma patients.



Chapter 1

Basics of radiation therapy

1.1 Radiation physics

The photon radiation used in medicine encompasses a range from low energetic X-rays
(10 keV) to high energetic X-rays (18 MeV) produced by X-ray tubes and accelerators
as well as the emitted v or S~ radiation of radioactive nuclei with energy ranges from
keV to several MeV. The produced irradiation can have a continuous spectrum, the
bremsstrahlung spectrum, or a characteristic spectrum in the case of radioactive nuclei.
Interaction of photon radiation with matter can cause fully or partly absorption of the
photon energy or a change of the photon direction, the so called scattering. These kind of
interactions can lead to the production of free charged secondary particles like electrons
or positrons or photons. The secondary particles for their part can excite and ionize the
surrounding tissue, depose energy and evoke biological effects. Since the ionization is
manly caused indirectly by the secondary particles the photon radiation is regarded as

indirect ionizing type of radiation.

The interaction of light ions like protons or carbon ions with matter depends on the
velocity corresponding to the kinetic energy, the charge as well as the mass of the par-
ticles. Another important parameter is the perpendicular distance between the charged
particle direction before the interaction and the atomic nucleus. Light ions are able to
excite and ionize the surrounding matter by transferring their energy in a direct way.
The physical quantity for the description of the energy losses of heavy charged parti-
cles due to interaction with matter are the collision stopping power and the radiation
stopping power. The density of energy lost by the traveling of charged ionizing particles
through the matter is called linear energy transfer (LET) and the amount of produced

electrical charges due to the interaction is called ionization density.
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1.1.1 Interaction processes of photons

For the description of the interaction processes of photon beams with matter three differ-
ent steps have to be distinguished. The primary interaction process causes attenuation

of the initial photon beam, a loss of intensity:

I=1I-e (1.1)

The attenuation is described as the relation of the intensity after transmission through

the absorbing matter I with a thickness d to the initial intensity Ig.

The linear attenuation coefficient p [1/cm] is related to the atomic mass A and the
density p of the material as well as the Avogardo constant N4 and the atomic cross

section 40

p="2 o (1.2)

Since p and p are approximately linear it is possible to consider a mass attenuation
coefficient j1/p [cm?/g]. In this way the mass attenuation coefficient is independent of

the density.

The second interaction step of photons with matter is the transformation of photon
energy into kinetic energy Ep;, corresponding to the energy transfer from photons to
charged secondary particles. This process can be described with the physical quantity
called Kerma (Kinetic energy released per unit mass) which represents the kinetic energy
of all secondary charged particles liberated by uncharged photons in matter with mass

m. Kerma K is defined by:

K
dm

(1.3)

The third step is represented by the energy absorption E within the matter arising from

the kinetic energy of the secondary particles and is a measure of the energy dose D [Gy].
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dE
D=— 1.4
- (1.4)
However, the phenomenon of attenuation arises from four major types of interaction

which are based on one of the three steps:

Coherent scattering o,
Photoelectric effect 7
Compton effect o,

Pair production

Each of them is represented by its own attenuation coefficient which is related to the
photon energy and the atomic mass of the absorbing matter. The linear attenuation

coefficient p is the sum of them:

=S4 (1.5)

Interaction processes with the electrons in the atomic shell are the coherent scattering,
the photo effect and the Compton effect. The pair production arises from the interaction

of the photon with the electromagnetic field of an atomic nucleus.

1.1.1.1 Coherent scattering

Coherent scattering, also called Rayleigh scattering or classical scattering, occurs in ma-
terials with a high atomic number and with photons of a low energy level. The incoming
photon interacts with the electrons in the atomic shell, causes electron oscillation and
gets scattered. The frequency of the scattered photon and the oscillating electron are
equal. The electrons act like a sender and emit the absorbed energy completely again
without absorption. Hence, the incident photon and the scattered photon have the same
energy without any losses and the same phases. (Figure The atomic shell remains

unchanged.

The classical scattering coefficient o, decreases above 10 keV with the square of the
photon energy and increases with Z2®/A and the density p, whereby Z is the atomic

number and A is the mass number:
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(1.6)

L \/ time

FIGURE 1.1: Coherent scattering ([2],p.120)

This effect is not relevant in radiation therapy because the dose related to the low energy

level of the photons would not cause any destruction of irradiated tissue.

1.1.1.2 Photoelectric effect

In the photoelectric effect an incident photon is completely absorbed after the interaction
with an orbital electron of an atom. The entire energy of the photon is transferred to
the electron. The difference between the photon energy and the binding energy of the
electron (which depends on the atomic number) corresponds with the kinetic energy of

the electron getting ejected if E, > Ey.

Eyin = Ey — E (1.7)

The process is shown in Figure

The probability of the photoelectric effect is given by the photo absorption coefficient 7.
It increases with the density p and Z*=5/A and is therefore likeliest for heavy absorbers

with high atomic numbers.

Photo absorption is most probable if the energy of the photon and the electron shell
are equal. Consequently, the photo absorption coefficient, which is energy dependent,
reaches a maximum at an energy of the inner electron shell (K-shell), falls off rapidly
after deceeding this energy level and increases again to the next energy level of the next
electron shell (L-shell). This discontinuities are called absorption edges and are shown
in Figure
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FIGURE 1.2: Absorption Edges([2],p.108)

The photo absorption coefficient dependencies are given by:

Zn+1
A

TXp E3 (1.8)

The energy exponent n is for light elements n=3.6 and for elements with high atomic

numbers n=3.

The ejected photoelectrons have an angular distribution which is energy dependent. Low
photon energies cause an almost perpendicular ejection of the photoelectrons relative to
the incident photon beam direction at the area of interaction. The higher the photon

energy is, the smaller the emission angle becomes and tends to the forward direction

[2].p.109) (Figure [L.3).

After the photon electron is ejected as secondary particle, the inner atomic shell contains
a vacancy. As a consequence of energetic reasons, the vacancy can be filled by an electron
from outer atomic shells under emission of characteristic X-rays, a tertiary radiation
(Figure . The energy of the characteristic X-rays corresponds to the binding energy
differences of the electron states in the shells. Furthermore, the characteristic X-rays
can cause the ejection of a monoenergetic electron, also known as Auger electron, if they

are absorbed by another electron of the atom and exceed its binding energy. The Auger
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em—————— fluence of electrons/solid angle
FIGURE 1.3: Emission of electrons([2],p.109)

effect can be understood as internal photoelectric effect due to the interaction of the

characteristic X-rays with another electron of the same atom.

4

e
TS
\ B
e g

FIGURE 1.4: Photoelectric effect (|2],p.107)

If the probability of emission of a characteristic X-ray is called the fluorescence yield w

and the Auger yield « then the total probability is 100 percent.

w+a=1 (1.9)

a does not depend on Z, w has a dependency of Z.
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1.1.1.3 Compton effect

The Compton effect, an incoherent scattering process, is the interaction of a photon
with a weak bounded (quasi free) electron in an outer shell of an atom. The binding
energy is much weaker than the photon energy, in contrast to the photoelectric effect,
which becomes probable when the energy of the photon is equal or slightly higher than
the binding energy. The incident photon transfers parts of its energy and momentum to
the electron of the outer shell. The photon is scattered at an angle ¢ and the electron
is ejected out of the atomic shell at an angle ® relative to the direction of the incident
photon leading to an ionization of the atomic shell (Figure . The transferred energy
and the scattering angle depend on the photon energy. At very low incident photon
energies the scattered photons are almost symmetrically distributed perpendicular to
the incident photon direction and even backscattering is possible. The higher the photon

energy is, the more scattering occurs in the forward direction (Figure [1.6)).

P electron
’ e / E* e 55

i primary photon /‘P

(e ;?—'f__i:.-_-'x\‘ 7 ] - = R ==
& e N E.p =l
P “ ¥ :
p ;p‘_’_ﬂ..ﬁ_\n\x\ ~y ! . scattered photan

ELB!

s—e——gP>  fluence of photons/solid angle

FIGURE 1.6: Compton photon ([2],p.112)
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The probability that a Compton effect occurs is given by the Compton attenuation
coefficient o, which is the sum of the Compton scattering coefficient and the Compton

energy transfer coefficient.

Oc = Oscatter T Otr (110)

The Compton attenuation coefficient o, is proportional to Z/A of the absorber. For
most of the stable, light elements (except hydrogen) the atomic number Z is about the
neutron number N so that Z/A is about 1/2. That means that the Compton attenuation
coefficient is almost independent of the atomic number as the nuclear force is mainly
shielded by the inner electrons. Furthermore, the Compton attenuation coefficient is
proportional to the density and the photon energy, which ranges from 0.2 MeV to 10
MeV for the most materials (Formula

Ie x ETV/2 (1.11)
p

The Compton electron ejection takes place as a result of the momentum conservation in

the forward direction. The scattering angles ranges from 0 to 90 degree.

The photon’s energy after the collision with the electron can be analyzed by the laws
of conservation of energy and momentum. The energy of the scattered photon hv’ is

demonstrated in equation [1.12] m, corresponds to the mass of the electron.

h - 1// — - o (1 — COS((ZS)) (112)

Me-C2

1.1.1.4 Pair production

Photons can be described as electromagnetic energy packets. Thus they are able to
interact with the electrical field of charged particles like the protons in the atomic nu-
cleus. If the photon’s energy exceeds a threshold of 1.022 MeV, it can be completely
absorbed in the Coulomb field of an atomic nucleus and form an electron-positron pair

which tends to be emitted in the forward direction relative to the incident photon.
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The energy of the photon E, is partly transferred to the rest mass mg of the particle-

antiparticle pair and to the kinetic energy Eg;, of both the electron and the positron

(Formula [1.13)

Epin = Ey — 2moc® = Ey — 1.022MeV (1.13)

The probability of pair production increases with the logarithm of the photon’s energy,
the density of the absorbing material and with Z?/A. The pair production dependence
is expressed in the equation it E, > 1. 022 MeV.

Z2
T X leog(Eﬁ (1.14)

If a slow moving positron, also known as thermal positron with the same energy like
an electron, combines later on with an electron, they produce so called annihilation
radiation consisting of two photons with 511keV each. Because of the conservation of
momentum the two photons are ejected in opposite directions. This process is also called

inverse pair production.

1.1.1.5 Relative importance of the various processes

As shown in the previous sections the mass attenuation coefficients of the various inter-
actions depend on the atomic number and the energy of the photon in different ways.

The density-dependencies are constant. These are summarized in Table 1.1.

The most important absorber in medicine is human tissue, which is nearly equivalent
to water, with an effective atomic number of 7 to 8. The medically used photon energy
in radiation therapy ranges from 6 MeV - 18 MeV and for imaging purposes about
several keV. The kind of interaction process is influenced by the energy of the photon
and the atomic mass of the irradiated material. Furthermore, the respective process is
responsible for the current attenuation, the energy transfer and the absorption of the

photon radiation.

The photoelectric effect prevails for heavy elements up to a photon energy of 1 MeV.
For the medical field, except for X-ray diagnostic, this effect is almost negligible because

of the smaller photon energies.
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Interaction f(Z,A) f(Ey) f(Density) Secondary
radiation
Coherent 7%5 /A E. 2 p -
scattering K
Photoelectric 74 /A E. 3 P electron,
effect i X_I‘ay’

Auger-electron

Compton Z/A E, 705 P electron
effect
Pair 7Z2/A log(E,), if E, p electron,
production > 1022keV positron

TABLE 1.1: Dependencies of various interaction processes

The Compton effect is the dominant interaction process for a broad range of photon
energies and low atomic numbers (up to about Z=10) and plays the major role for
therapeutic and diagnostic photon radiation from 30 keV on. For human tissue with

atomic numbers of 7 to 8 the Compton effect is the predominant interaction process.

The pair production becomes more important for materials with low atomic number
from 10-20MeV on. For heavy absorbers with Z > 20 the pair production is the most

important interaction process above 10MeV.

Figure shows at a glance in which ranges the interaction processes are dominant.

The lower pointed area depicts the relevant part of the diagram for human tissue.

More detailed informations of the interactions processes of photons can be found in “The
Handbook of Radiotherapy Physics” ([14],chapter 4), “The Physics of Radiation Ther-
apy” ([34],chapter 2.7, 3.4, 5) and in “Strahlenphysik, Dosimetrie und Strahlenschutz,
Band 1”7 ([2],chapter 4).

1.1.2 Interaction of charged particles

This chapter gives an overview about the interaction of charged particles and is based on
“Ion beam therapy” ([24], chapter 4) and in “Strahlenphysik, Dosimetrie und Strahlen-
schutz, Band 17 (]2], chapter 6).
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FIGURE 1.7: Ranges of dominance of various interaction processes ([2],p.125)

Contrary to photons, charged particles like protons and other ions are directly ionizing
and have a reduced deflection while passing tissue caused by their higher mass. One of
the most significant differences is the absorption curve of charged particles in matter. It
shows a slight initial increase along higher penetration depth and a steep rise and fall-off
toward the end of the particle’s range. This is shown in Figure and in Figure [I] in

the introduction.

1.1.2.1 Stopping power

While the charged particles traverse the biological tissue they interact mainly via Coulomb
forces with the electrons of the target tissue. Thus, excitation and ionization of the
atoms along the trajectory are occurring and the charged particles loose energy to the
surrounding tissue along their track. The energy losses per unit path length, also known

as stopping power Sy, can be described by the formula

dE  _ Z(zxe)?

S _ ~
= ret PAT 02

(1.15)

The stopping power S., is a form of material property which describes the energy

absorption by matter. It depends on the density p and the ratio Z/A of the target
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material, as well as the charge z and the velocity v of the incident particle and the

elementary charge e.

For non-relativistic particle-energies S.,; is indirect proportional to the square of the
velocity of the particle. This leads to an quadratic increase of the energy losses per
unit path length. Thus, the energy losses increase with slower velocities, at very slow
velocities the increase is even logarithmically. This fact is the reason the steep rise and
fall-off at the end of a particle’s range, also called Bragg peak. In other words the energy
losses corresponding to the relative dose is a function of the penetration depth. This is
shown in Figure

A N(x)

 /

E(x) |

dE
ax

F1GURE 1.8: Energy losses and amount of particles N as a function of the penetration
depth([2],p.191)

Furthermore, S, increases according to quadratically with the charge and does not

depend on the mass of the particle.

1.1.2.2 Linear energy transfer (LET)

In this context also the linear energy transfer (LET) is an important quantity. Different
from the stopping power the LET describes the energy deposit of an ionizing particle
itself while traversing matter. A distinction has to be drawn between restricted and

unrestricted LET. The restricted LET takes only secondary electrons up to a certain
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energy limit into account. The aim is to focus upon the energy transferred in the vicinity
of the primary particle track and to exclude higher energetic secondary electrons, so
called delta electrons. These delta electrons are capable to ionize matter by themselves.
The unrestricted LET takes every produced secondary electron by the ionizing particles

into account and is numerically equal to the stopping power.

However, the LET is not a constant value. It depends on the charge and the energy
of the projectile ion as well and thus the depth dependencies of the LET reveals a
Bragg maximum. Furthermore, the LET varies with the ion species. If ions traverse
the same matter with the same velocity, the dose density and the number of produced
secondary electrons does not need to be necessarily identical. According to the formula
the deposit dose increases among others with the square of the effective charge of

the projectile ions.

1.1.2.3 Relative biological effectiveness (RBE)

The relative biological effectiveness (RBE) is a quantity that describes the biological
impact of different types of radiation. As demonstrated in Figure beams of various

qualities can cause different biological effects.

= Photans

— Heavy lons

o
= 01 2
} -
C
=}
w
RBE=2.0

e . :

B g 10 12 W%
Dose [Gyl

FIGURE 1.9: Relative biological effectiveness for carbon ions and protons [35]

The RBE is defined by the ratio of the energy dose of a reference radiation and the
energy dose of a comparative radiation for the same biological impact. As reference

radiation mostly 250 kV X-rays with a low LET or y-radiation of ®°Co is used.
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For therapeutic purposes the RBE of photons is considered as 1 and of protons as 1.1
[36], even if early investigations showed, that the RBE of protons is dependent on the
energy. The RBE of carbon ions is more complex and varies with tissue density and

energy [37].

RBE is even partly related to the LET. The increased stopping power towards the end
of the ion’s range at the Bragg peak corresponds to more biological damage and thus to
a higher RBE. The rise of RBE and LET leads up to 100-200 keV/um.

Additionally, the RBE value does also depend on the oxygen environment, the dose rate,
the cell type and the observed biological effect. As a consequence of that, the RBE also
varies with the experimental conditions. These has to be taken into account for the

determination of the RBE of a specific radiation.

Furthermore, the magnitude RBE-values are important parameters for therapeutic pur-
poses. Carbon ions reveal an more elevated RBE in the tumor compared to the sur-
rounding tissue as photons and protons, which increases the biological impact in terms
of malignant cell death [36] B37].

1.1.2.4 Comparison of protons and heavier ions

When mono-energetic ion beams traverse the same distances in matter the number of
collisions are depending on the ion species. A different number of collisions causes diverse
ranges. This is called “straggling”. The straggling of protons in biological tissue is about
1 percent. The heavier the ion is, the less straggling occurs. Helium for example shows
only 50 percent of the proton’s straggling. This fact results from the higher amount

of mass which avoids high deflection after the collision with other particles and thus
reduces straggling (Figurdl.10)).

From the clinical point of view this reduced straggling of heavier ions enables higher
precision for the treatment and improved organ at risk sparing in the vicinity of the
target volume. Consequently, decreased lateral scattering and a sharper Bragg peak can

be observed for heavier ions when compared to protons (Figure [1.11)).

On the other hand, heavier ions reveal a fragmentation tail of lighter fragment particles
after the collision with other particle. Thus a tailing of the Bragg peak occurs which
causes a low dose level in higher penetration depths (Figure [L.11]).

However, especially carbon ions (Z=6) have become of peculiar interest in recent times
due to their LET-properties. They warrant a high-LET quality within the Bragg peak
because of the higher ionization densities, which corresponds with a higher RBE, and a

low-LET behaviour at the entrance of the biological tissue to spare normal tissue.
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FIGURE 1.10: Straggling effect of various ions ([24],p.49)
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1.2 Volume concepts

It is the main rationale of radiotherapy to deliver the prescribed dose to the tumor volume

that conforms the tumor as closely as possible while reducing the dose to the surrounding

normal tissue. Especially, the dose to the organs at risks (OAR) in the vicinity of the

tumor, should be as low as possible to reduce side effects and complications of normal

tissue. This endeavour is known as " ALARA”-principle. ”ALARA” is an acronym for
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”As Low As Reasonably Achievable” and represents a regulatory requirement for all

radiation safety programs and defined as following;:

”For all medical exposure of individuals for radiotherapeutic purposes, ex-
posures of target volumes shall be individually planned; taking into account
that doses of non-target volumes and tissues shall be as low as reasonably
achievable and consistent with the intended radiotherapeutic purpose of the
exposure.” (Directive 97/43/EURATOM, Article 4)

To fulfil these requirements, imaging devices with a suitable resolution are necessary to
identify the tumor volume and the organs at risk. Moreover, accelerators for accurate

beam delivery and software tools for dose calculations are required.

Since the 1960s, the first computers which were capable of calculating dose distributions
were available. In the 1970s, the modern imaging methods by means of computer tomog-
raphy (CT) and magnetic resonance imaging (MRI) were established and subsequently
introduced into Radiotherapy.

1.2.1 Volume concepts in radiation oncology

The localization and the extent of the tumor volume are determined by imaging modal-
ities like CT and MRI. Thus, 3-D anatomical informations in terms of closely spaced
transverse images serve as basis for structure delineation. The visible tumor and the

organs at risk are outlined slice by slice by radiation oncologists.

For the treatment planning process itself a CT-image data-set is required, since the
densities of the tissue are required for the dose calculation taking into account tissue

heterogeneities.

The following delineated volumes are based on the recommendation by the ICRU Report
No.50 [38](Figure [1.12)).

Gross Tumor Volume (GTV)

"The Gross Tumor Volume (GTV) is the gross palpable or visible/demon-
strable extent and location of malignant growth.” (ICRU Report No.50)
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CTV

FIGURE 1.12: Various treatment volumes

Clinical Target Volume (CTV)

”The Clinical Target Volume (CTV) is a tissue volume that contains a GTV
and /or subclinical microscopic malignant disease, which has to be eliminated.
This volume thus has to be treated adequately in order to achieve the aim

of therapy: cure or palliation.” (ICRU Report No.50)

Planning Target Volume (PTV)

"The Planning Target Volume (PTV) is a geometrical concept, and it is
defined to select appropriate beam sizes and beam arrangements, taking
into consideration the effect of all the possible geometrical variations and
inaccuracies in order to ensure that the prescribed dose is actually absorbed
in CTV.” (ICRU Report No.50)

Irradiated Volume

?The Irradiated Volume is that tissue volume which receives a dose that is

considered significant in relation to normal tissue tolerance.” (ICRU Report
No.50)

Organs at risk (OAR)

”Organs at risk are normal tissues whose radiation sensitivity may signifi-
cantly influence treatment planning and/or prescribed dose.” (ICRU Report
No.50)
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These anatomical structures are an integral component of every optimization process in
treatment planning. The aim is to spare the OAR from to high dose exposure. Due to
that, the search of an adequate dose coverage of the PTV and a satisfying OAR dose

sparing is a complex balancing act.

More detailed informations about volume concepts in radiation oncology can be found
in “The Physics of Radiation Therapy” ([34],chapter 11.8).

1.2.2 Dose-volume histogram (DVH)

A DVH represents a concept in radiation treatment planning which illustrates a 3-D
dose distributions of a target volume, an organ at risk or an arbitrary structure in a
graphical 2-D format. The generation of a DVH is done by the determination of the
dose bin size of the histogram. The bin doses are depicted along the horizontal axis, the

structure volumes on the vertical.

DVHs can be divided into differential DVHs and cumulative DVHs. The differential
DVH illustrates the dose which was received by the volume concerning each bin. The
higher the column of a bin, the more dose was received. The cumulative DVH is a
mapping that counts for a volume the cumulative number of the received doses in all of
the bins up to the specified bin. Thus, the column height of each bin on the horizontal
axis represents the volume receiving greater than (or equal) to that dose. Figure m

illustrates a cumulative DVH for planing target volumes.
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FIGURE 1.13: Cumulative DVH of a planning target volume
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For the illustration of the results of the present study only cumulative DVHs were used.

1.3 Delivering systems in radiation therapy

The next chapters provide an overview about accelerators, whereas the chapter describes
both accelerators for photon and for light ion beam radiotherapy. More information can
be found in “The Physics of Radiation Therapy” ([34],chapter 4.3), in ” The Handbook
of Radiotherapy Physics” ([14],chapter 11.1-11.3) in ”Kernphysik” ([22],chapters 5.4.3-
5.4.4) and in ”Experimantalphysik 4” ([23],chapter 4.1.5).

1.3.1 Linear accelerator (LINAC)

A linear accelerator is a device which is used to accelerate electrons in a linear tube by
means of high frequency electromagnetic waves. It consists of an energy supply, which
provides direct current DC to the modulator which contains a pulse-forming network
and a switch tube. The modulator transfers high voltage pulses to both, the magnetron
and the electron gun (Figure . The magnetron is a high power oscillator, which
generates microwave pulses and applies them to the acceleration tube via waveguide
system. The electron gun consists either of a cold cathode, a hot cathode or a photo
cathode. After the injection into acceleration tube the electrons gain energy from the

sinusoidal electromagnetic field of the microwaves and undergo the accelerating process.

Accelerator Tube

Electron 0 I ) I e e Treatment Head
Gun Bt T 0 e (Straight Beam)

Wave Guide pgenging Magnet

¢ System
Magnetron Treatment Head
Modulator ] or (Bent Beam)
Klystron
Power
Supply

FIGURE 1.14: Setup of a LINAC ([34],p.43

After the acceleration of the electrons, they are led by means of bending magnets into
the treatment head, where they are shot onto an absorbing, water cooled target with
high Z like tungsten. As a consequence of the interaction of electrons and the target,
bremsstrahlung is produced. The bremsstrahlung is characterized by an X-ray spectrum

corresponding to the maximum energy of the incident electrons. The treatment head



28 Chapter 1 Basics of radiation therapy

consists of a primary filter, primary collimator, flattening filter, ion chambers, multi-leaf

collimator and jaws, which prepare the photon beam for the radiotherapy.

1.3.2 Pre-accelerators for light ions

The linear accelerators with the purpose of pre-acceleration of light ions before the injec-
tion to circular accelerator like synchrotron are constructed differently. The acceleration
tube (a hollow pipe vacuum chamber) consists of several consecutively arranged, hollow
cylindrical electrodes, also known as drift tubes. These drift tubes changes their charge
very quickly because of a high frequency alternating current (AC). As a consequence of
that, the particles are accelerated in the gaps between the electrodes. While they tra-
verse an electrode, where there is no field due to a shielding, the pole of the electrodes
changes. Furthermore, the length of the electrodes is conformed to the velocities of the
accelerated particles to warrant losses (Figure . After reaching the desired velocity,

the ions are injected into a higher energy accelerator like a synchrotron.
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FIGURE 1.15: Drift tube arrangement of a LINAC [22],p.163

1.3.3 Cyclotron

A cyclotron is a circular accelerator with a changing field. It consists of one magnetic
dipole field. Between the poles of this field two evacuated half cylindrical electrodes
(dees) are arranged, which form the poles of the electric field. In the gap between the
two dees a high frequency voltage U is applied. By means of an ion source in the center
of the magnetic field, the ions are generated and accelerated in the electric field in the

gap between the dees. Due to the non existing field within the dees, the ions undergo
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a semicircular movement with the radius r as a consequence of the equilibrium between

the Lorentz-force resulting from the magnetic field B and the centripetal force:

m*v2

=qxvx B (1.16)
”

m represents the mass of the ion, v the velocity and q the charge.

Through including the angular velocity w the condition of the cyclotron can be formu-

lated:

(1.17)

Thus, it can be shown that the time t for the semicircular movement is independent

from the radius:

TRT Wk M
t = = 1.18
v qx*x B ( )

Due to that constant high frequency fzr can be used:

B (1.19)

21 % fgF = WHF =

Resulting from the ions reaching the accelerating gap between the dees after a
constant period of time and gain after passing the gap a constant quantity ¢ x U of
energy. The radius increases simultaneously with the velocity according to As a
consequence of that, the ions undergo a spiral movement consisting of semicircles with
increasing radius up to the edge of the cyclotron at a radius R, where a electrical bending

field extracts the ions out of the cyclotron.

Thus, the maximum of the kinetic energy Eg;,, is:
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m * v 7>

Ekin =

Q*m(R*B)Z (1.20)

The limit of energy is at about 30 MeV for protons. Higher energies cause the effect of

relativistic mass increase. Due to that, the condition [1.18| can’t be fulfilled any more.

To overcome this limit, however, synchro-cyclotrons were developed in order to modulate

the acceleration frequency with the radius and the relativistic particle mass increase.

1.3.4 Synchrotron

Before the tangential injection of the ions into the synchrotron, they are pre-accelerated
in a LINAC up to velocities of 0.8-0.99 ¢. After the injection the particles follow a

circular orbit of constant radius inside a vacuum chamber.

The orbit is determined by cyclic arranged field magnets. Practically, dipole deflecting
magnets are alternating with linear parts of the track to facilitate arrangements of accel-
erating fields and magnetic focusing and defocusing fields resulting from the quadrupole.
Sextupole are responsible for the beam transport corrections. Both the high frequency
and the magnetic field strength of the dipoles have to vary over time, to warrant the
same cyclic tracks for particles with relativistic mass increase. Furthermore, they have
to be injected in the form of a bunch to exceed a minimum of energy for the further ac-
celeration. On their circular path, the particles are passing through areas of strong and
weak magnetic fields, which leads to a beam focusing. In Figure the arrangement
of injection part, accelerating areas, bending magnets and focussing magnets is shown.
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FIGURE 1.16: Set-up of a synchrotron

By means of a synchrotron energies up to a range of TeV (102 eV) can be achieved.
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In Figure [I.17] an acceleration system with a pre-accelerating LINAC and a synchrotron
for medical applications is illustrated for the Heidelberg lonenstrahl-Therapiezentrum
(HIT).

g ECR-sources

Linac

Hor. Treat 1

QA-place

FIGURE 1.17: Arrangement of a synchrotron in conjunction with LINAC and treatment
areas ([24],p.335)

1.4 Passive scattering and active scanning

The major rationale of radiation therapy is to achieve a satisfying coverage over the entire
target volume. In order to obtain this for light ion therapy, two different techniques exist
for clinical implementation to spread out the Bragg peak: passive scattering and active

scanning.

1.4.1 Passive scattering

Passive scattering uses external scattering material in order to spread out narrow beams
up to the magnitude of the desired target volume [39]. The beam broadening can be
realized by scattering foils. Moreover, the field aperture is regulated by collimators and

the distal edge of the high dose volume is determined by individual compensators.

A homogeneous depth dose distribution is obtained by a ridge filter or a spinning wheel of

variable thickness, which causes superposition of beams with slightly different energies.

In Figure the passive scattering is illustrated for a proton pencil beam and its
characteristic dose distribution, called Bragg peak. The superposition of Bragg peaks
with slightly different energies is called spread out Bragg peak.
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1.4.2 Active scanning

In the active scanning technique, the pencil beam is actively scanned over the desired

tissue for the treatment by deflection with bending magnets [T.18]

Thereby, a dose deposition in small spots over the target volume takes place, which leads
to a range modulation for individual spots by the variation of the incoming pencil beam

energies. Thus, different initial particle energies are required.

Compared to the passive scattering technique, the depth of dose deposition is much
more sensitive and the scattered radiation is reduced. Furthermore, the active scanning

method enables the application of intensity-modulated treatment techniques [40].

1.5 Dose calculation algorithms

After the delineation of the target and the anatomical structures, treatment fields as well
as beam arrangements are designed and the dose distribution is optimized according to
the clinical objectives using a commercial treatment planning system (TPS). In order to
optimize a treatment plan appropriately, beam directions, field numbers, beam weights,
intensity modifiers and an optimal field aperture is required. Different treatment plan-

ning algorithms are available for the realization of these issues.

In this chapter four treatment planning algorithm are described in detail: correction-

based, model-based, pencil beam and direct Monte Carlo. All of them can be used for
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3-D treatment planning with varying accuracy and speed. However, the model-based
and the Monte Carlo-algorithm are the most promising one due to the simulation of the
radiation transport and the prediction of the dose distribution under the conditions of

charged particle equilibrium in tissue with low density.

This chapter is based on the “Handbook of Radiotherapy Physics” ([14],chapter 23),
“The Physics of Radiation Therapy” ([34],chapter 19-20) and ”Ion beam therapy” ([24],
chapter 30.5.1).

1.5.1 Correction-based algorithms

These algorithms are based on measured data and represents semi-empirical algorithms.
Diverse correction factors and functions are applied in order to calculate the dose dis-

tribution in the patient.

The corrections are in terms of the attenuation, scattering and geometry. The atten-
uation corrections are due to contour irregularities or beam intensity modifiers. The
scattering corrections depend on the scattering volume, the field size, the form and the

radial distance.

These algorithms includes on the one hand methods which interpolate measured depth-
dose data and on the other hand methods with specially formulated functions which

predict the correction factors under specified conditions.

The limitation of these algorithms is concerning 3-D heterogeneity corrections in tissue

interfaces and tissues with low densities.

1.5.2 Model-based algorithms

This algorithms are based on the calculation of the dose distribution by means of a
physical model, which simulates the radiation transport. Model-based algorithms are
capable to model primary photon energy fluence incident at a point and the energy
distribution as a consequence of primary photon interactions. Furthermore, they can

simulate the transport of scattered photons and electrons away from the interaction site.

One type of model-based algorithm is the so called convolution-superposition method.
This method uses convolution equations which consider both the transport of primary
photons and the transport of scattered photons and electrons resulting from interactions
of the former one. The dose calculated D(?) is illustrated in formula
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D) = [Bup(@AT =77 = [ To@IAT -7 )

Kl represents the position of the point, 1/p the mass attenuation coefficient, ¥ p(?’ ) the

7 ) the convolution kernel. The convolution

primary photon energy fluence and A(?> —
kernel corresponds to a matrix of dose distribution by scatter photons and electrons
resulting from interactions of primary photons. The product of ;/p and Up(7') is
Tp(?’ ), also called Terma, and corresponds to the total energy released per unit mass.
Terma is related to Kerma[l.3l The integrated product over a volume of Terma and the

convolution kernel gives the dose D(7”) as shown in [I.21]}

Formula [T.21] modified for radiological path length gives the convolution-superposition

equation:

D) = [ Tolpm « P Alpp 0 (P = 7’7 (1.22)

P X 7! represents the radiologic path length from the source to the primary photon

interaction site and p5_— (7 — 7') the radiologic path length from the site of primary

photon interaction to the site of dose distribution.

1.5.3 Pencil beam algorithm

The pencil beam algorithm divides the main beam for the treatment into sub-beams,

the so called pencil beams.

The dose calculation for the pencil beam algorithm is separated into two parts:

e the depth dose calculation along the central axis of the beam

e the lateral or ”off-axis” distribution
In other words:

”"The pencil beam [...] [P, . g,)] is defined as the dose deposited in a semi-
infinite water phantom by an infinitely narrow beam of incident particles with

initial energy E¢y at depth z and radial distance [...] [x,y] from the central



Chapter 1 Basics of radiation therapy 35

axis. In particular, this distribution includes the dose due to particles that

are scattered away from the central axis.” ([24],p.513)

Up to tens of thousands of narrow particle beams (spots) are used for irradiation in
active scanning. Every pencil beam is weighted and is so directly proportional to the

particle fluence of the beam for the pencil’s position.

The total dose results from superposition of all pencil beams. This can be done by the
integration over the beam aperture and energy spectrum. In the case of scanning pencil
beams, the primary beams can be seen as discrete pencil beams and the dose calculation
reduces itself to a weighted sum. All pencil beams (PB;) at a given point within the

range of three times the spot sigma are taken into account [41].

D(x,y,2)= >, Deoax.i(xo,y0,20) * Fi(w — x0,y — yo, 2 — 20) (1.23)
PB;€[—30;+30]

Dcax,i represents the dose to be delivered by a pencil beam at the central axis (CAX)
at (x0,y0,20) and F; the relative fluence distribution of the considered pencil beam at

the calculation point of the dose (x,y,z).

The main differences between the pencil beam algorithms for photons and ions are the

kind of interactions.

For the ions, for example, the depth dose calculation along the central axis is determined
by the energy losses due to ionization, whereas the lateral or ”off-axis” distribution is
determined by multiple Coulomb scattering of the incident particles, represented by o.
However, the pencil beam algorithm can handle both multiple Coulomb scattering and
the energy losses of the individual beams, but needs an empirical handling concerning

more complex effects as nuclear fragmentation or lateral inhomogeneities.

The off-axis distribution for particle beams can be considered as a Gaussian distribution:

1 (z—x0)®>  (y— o)
2mo? exp(— 952 )

2
(mvva‘O) 20—(1‘7y’E0) (iE,y,Eo)

F(z,y,z, Ey) = (1.24)

The reason why F is depending on z is due to energy and depth dependent corrections

for the spot o, ), whereas op represents the initial spot in air.
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Concerning photons, the Pencil beam algorithm divides an intensity-modulated field into
finite-size elements and integrates the dose of all finite-size pencil beams. Additionally,
the formalism also takes the relative weight of each pencil beam into account. The main
limitations are heterogeneities and scatter dose calculations for phantom sizes deviating

substantially from sizes for which the pencil beam has been determined.

1.5.4 Monte Carlo algorithm

The Monte Carlo technique is a computational method, which is capable of simulating
the transport of millions of photons and particles through matter employing statistical
methods. In radiation therapy it is used for the calculation of the dose distribution in
biological tissue. The methodology of this algorithm is to determine the propagation of
the radiation by means of the theory of probability. The propagation depends on the
types of radiation and their energies as well as the density and the chemical composition

of the irradiated tissue.

Due to the fact that the interaction of radiation with matter is a stochastic process,
the Monte Carlo algorithm is predestined to simulate the probable direction and energy
distributions of every single particle of the radiation. The higher the number of simulated

particles is, the higher is the statistical accuracy.

Mathematically, for the description of the trajectories of particles the linear Boltzmann

transport equation is used [42]:

[5;93 + @;x + (@, p, 8)|Y(x,p, s) = /dp’ﬂ(af,pjp’)w(x'apﬁ s) (1.25)

x is the position and p is the momentum of the particle. (p/|p|)d/dx represents the
directional derivative, s the path length, u(x,p,p’) the macroscopic differential cross

section and 1 (2’,p’, s) the probability of presents.

To solve this transport equation the Monte Carlo algorithm needs to be applied. In
the Monte Carlo algorithm an integral for a random function f in the volume V can be

estimated through N randomly chosen points 1, x2, ... xn by means of:

{(f2) = ()

¥ (1.26)
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This is the central theorem of the Monte Carlo integration [43]. If the parameters for
radiation-matter interactions are determined (for the Compton effect, for example, the
Klein-Nishina formula is used), the transport equation in a medium can be solved by
Monte Carlo algorithm. According to[I.26]the accuracy of the calculation is proportional

to the amount of the randomly chosen points.

1.6 Treatment techniques

Basically, two different approaches of treatment planning processes can be divided: for-

ward and inverse planning.

For the generation of treatment plans, the forward planning technique can be used in
external beam radiotherapy. To perform forward planning, the number of beams, the
prescribed dose for each beam, the beam directions and the MLC configurations to shape
the beam according to the tumor shape from the beam’s eye view have to be set. The
weighting of the beam directions has to be done manually in order to fulfil the dose

prescription to the target.

In the inverse planning process, the fluence profiles are optimised from each beam di-
rection by a minimization of an objective function [44] 45]. After the optimization, each
profile is transformed into a series of segments, which are determined by the treatment
planning system to realize optimized fluence maps. The segments or leaf movement pat-
terns for dynamic delivery can be delivered with a multi-leaf collimator (MLC). Thus,
the segment shapes are not defined manually and the number of segments is always

larger, when compared to forward planning.
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In Figure [I.19 the difference between forward planning and inverse planning is illus-

trated.

FIGURE 1.19: Comparison of forward planning and inverse planning [46]

In this chapter, several treatment techniques are described. The basis for conformal ra-
diotherapy (CRT) and the single-field uniform dose (SFUD) is forward planning, whereas
intensity modulated X-ray therapy (IMXT) and intensity modulated proton therapy
(IMPT) use the inverse planning approach.

All these treatment techniques are explained in more detail in the “Handbook of Radio-
therapy Physics” ([14],chapter 43-45), “The Physics of Radiation Therapy” ([34],chapter
20.1-20.3) and "Ion beam therapy” ([24],chapter 30.6).

1.6.1 Conformal radiotherapy (CRT)

The conformal radiotherapy (CRT) delivers a constant photon fluence and uniform doses
across the treatment field of one beam. The geometrical shape of the field is defined by

the multi-leaf collimator.

Resulting from the rationale of radiotherapy to achieve a good dose-coverage of the target
volume, CRT aims for the delivery of a defined dose to fulfil the dose prescriptions to

the target volume.

Beam directions and beam weights are defined manually by means of trial and error
processes based on human intelligence. The CRT treatment planning method is based
on the principle of forward planning. Thus, the configuration of the beam directions and

beam weights represents the only way of optimizing the dose exposure of normal tissue.

Conformal radiotherapy treatment plans are limited by the distribution of fluence within

the collimator boundaries of the incident beams.
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1.6.2 Intensity modulated X-ray therapy (IMXT)

In the intensity modulated X-ray therapy (IMXT), a non-uniform energy fluence 1 is
applied to the patient from any given position to generate the desired dose distribution.

The fluence is defined as it is shown in the formula [1.29

_dR

= (1.29)

(8

dR represents the radiant energy incident on a sphere of cross-sectional area dA.

The advantage of non-uniform beam intensities is the better conformation around the
target volume because of the varied intensity (fluence) of the primary beams. An optimal
fluence profile for a set of beam directions is realized by inverse planning, which enables

dose sculpting with aid of intensity modulation.

The requirements for clinical applications of IMXT are twofold: On the one hand a
treatment planning system for the calculation of the non-uniform fluence maps, and on
the other hand a delivery system for these planned fluence maps are required. However,
the process of treatment planning demands an optimization of the constraints. Planning

constraints are the prescribed dose to the target and dose limits for the organs at risk.

In order to produce intensity modulated fluence profiles, the linear accelerator has to be
equipped with a system, which is capable of transforming a beam profile into a profile of
arbitrary shape. The MLCs define and subdivide the beam into beamlets with uniform
beam intensities, which are the basis for the variation in fluence. These subfields are
created by the MLCs.

Conventional MLCs can be divided into segmental or dynamic MLCs. The segmental
MLC represents static leaves, while the dynamic MLC is capable of moving its leaves
during the radiation delivery process. Consequently, the dynamic MLC enables a close
matching of the delivered intensity with the optimal fluence. Thus, accurate preservation

of both the spatial and intensity resolutions is obtained [47].

The optimum number of segments and the weighting of the beamlets are calculated by

the treatment planning system.
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1.6.3 Single-field uniform dose (SFUD)

The single-field uniform dose (SFUD) is a treatment planning method for protons or
light ions. It optimizes single treatment fields separately to deliver a homogeneous and

uniform dose across the target volume. Each beam is weighted manually and summed

up.

SFUD can be performed with both passive scattering and active scanning and repre-
sents an easy and robust method for treatment plan calculation in a minimum of time.

Moreover, with SFUD only a weak constraints-inclusion for organs at risk is possible.

1.6.4 Intensity modulated proton therapy (IMPT)

IMPT is based on the same principle like IMXT with spots instead of segments. It
is a method which optimizes simultaneously all treatment fields in a plan including all
scanned spots and it is performed in combination with active beam scanning. However,
the modulation is more focussed on the number of particles and not on the beam intensity

itself.

The IMPT calculation process can be characterized by the simultaneous optimization

of all Bragg peaks.

Moreover, IMPT plans can be optimized using dose-volume constraints in order the
enable a selective sparing of specific organs at risk [48]. Consequently, the individual
fields can reveal an inhomogeneous dose distribution with high in-field dose gradients.
Without any dose constraints, the IMPT plan consists of single fields with a quasi-

homogeneous dose distribution [49].

Compared to SFUD the IMPT method needs more time for the computing process and
more memory as a consequence of the particle numbers at 30.000-50.000 scan spots per
field which are included in the optimization in terms of the isoeffective dose. Due to
that, a sampling of a large fragmentation database for each scan spot is involved. Thus,

IMPT enables an enhanced proof to geometrical errors.
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Patients and methods

In this chapter the methodology used in this study is introduced. Additionally, funda-
mental medical as well as technical aspects are described. Particularly, a description of

the used planning treatment systems and the evaluation software is given.

2.1 Medical aspects

2.1.1 Meningioma

Meningioma is the second most widespread type of brain cancer and represents 15-25%
of all intracranial neoplasm [50]. About 5-10% of the meningioma consist of non-benign
histology and are therefore atypical or anaplastic meningiomas. These meningiomas
reveal an aggressive local growth and an early recurrence or a high tumor progression
after surgery [51]. As a consequence, neurosurgical resections on their own do not provide

a long-term tumor control and do not correspond with a high survival rate [52].

Basically, the resection level is classified according to the Simpson-grading as shown in
Table 2.4.

Radical

Stage 1 complete excision, including dura and bone

Stage 2 complete excision + supposed reliable coagulation of dural attachment
Non-Radical

Stage 3 complete excision but insufficient dural coagulation or bone excision
Stage 4 incomplete excision, macroscopic rest visible (on MRI)

Stage 5 biopsy only (visible on MRI)

TABLE 2.1: Simpson grading for Meningioma[53]

41
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Non-radical resections reveal a worse outcome when compared to radical resections [54].
The local recurrence rates in patients with non-benign meningiomas are 50% for those
who were subtotally excised and 90% for those who were completely resected at 3 years.

Furthermore, a high recurrence rate correlates with a higher lethal rate.

However, adjuvant radiation therapy has proven effective when combined with surgery
55, 56). Former studies delivered promising outcomes after postoperative radiother-
apy as opposed to surgery alone for patients with non-benign meningiomas [53]. With
intensity-modulated radiotherapy, for example, high local tumor control rates with up
to 95% were reached [57, [58].

2.2 Patients

This study included 10 patients (MA) with skull base meningioma with an age ranged
from 37 up to 81 years at the time of the initial diagnosis. Nine of the patients were
female (90%) and one male (10%). The localization of the tumors was at the sphenoid
bone for three patients, for each two patients at the fossa cranii media and the sinus
cavernosus and for each one at the dorsum sellae, the fossa pterygopalatina and the

spehenoorbita.

All patients were treated with conformal photon radiotherapy at the Medical University
of Vienna/AKH Wien before this study started.

2.2.1 Target volumes

The GTV consists of the primary tumor and metastases and thus has a high density
of tumor cells (more than 10mm=3). The GTV as the macroscopically visible tumor
extent (see chapter 1.2.1) is determined on both computer tomography and contrast

enhanced magnetic resonance imaging [59].

Table 2.1 and Figure 2.1 illustrate the definition of the CTVipitiat, PTVinitiar and
PTVioost based on the GTV used in this study.

Definition
CTVinitiar | GTV 4 margin of 1cm adapted to the surrounding tissue
PTVinitial CTVpnitiar + isotropic margin of 3 mm
PTVyoost GTV + isotropic margin of 3 mm

TABLE 2.2: Definition of the target volumes



Chapter 2 Patients and methods 43

PTV initial

PTV Boost

FiGURE 2.1: Graphical depiction of the target volumes

The median macroscopic size (GTV) of the tumor was 49 e¢m?, ranging from 11 up to
111 em3.

The median PTV, ;1 wWas 147 + 85 ¢m? (range of 44 up to 272 cm3) and the median
PTVyoost Was 94 + 46 cm? (range of 31-182 cm?). Examples of delineated target volumes

can be seen in figure [2.2

MA1l | MA2 | MA4 | MA6 | MA7 | MAS | MA9 | MA10 | MA11 | MA12

PTVnit 55.0 774 | 2724 | 175.1 | 179.2 | 119.6 | 260.7 | 198.3 44.3 107.6
PTVyost | 26.4 49.1 | 182.0 | 111.7 | 111.9 | 759 | 181.2 | 120.2 30.8 45.2
GTV 11.5 23.0 97.6 62.2 61.2 36.9 | 111.1 66.8 14.5 20.5

TABLE 2.3: Absolute tumor volumes in cm? of PTVs and GTV of all meningioma
patients

The values of the tumor extent of each patient are shown in table 2.2, whereas the mean

and median volumes over all patients are shown in table 2.3.

Mean | Median | 1. Quartile
PTViitia | 149 147 85
PTVboost 93 '94 4 6
GTV 51 49 21

TABLE 2.4: Statistical tumor volumes in cm?® of PTVs and GTV

2.2.2 Organs at risk (OAR)

Organs at risk can be divided due to their anatomical incidences. Delineated OAR
which occur at each brain hemisphere can be indicated with the terms ipsilateral (i)

and contralateral (c) (Table 2.6). In this study beside the primary organs at risk also
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so called secondary organs were delineated for an adequate sparing of normal tissue as

described in chapter 1.2.1.

Primary OAR Secondary OAR

Chiasm Hippocampus iand c
Eye i and ¢ | Hypothalamus iand c
Optical Nerve | iand ¢ | Cochlea iand c
Cerebellum Brain hemisphere | i and ¢
Brainstem Lense iand c
Temporal Lobe | i and ¢

Hypophysis

TABLE 2.5: List of OAR included in this study

Two examples of OAR delineation on post-surgery magnetic resonance images are shown
in Figure Beside various OAR also the delineated PTV (red) and the GTV (violet)

can be seen.

FI1GURE 2.2: Delineation of PTV, GTV and OAR

Basically, dose limits were available for various OAR, which were taken into account in
this treatment planning study. Unfortunately, not all of those dose limits were suitable
to be used in this study, since in most former studies a lower dose for the PTV was
prescribed, which ranged from 50 Gy(RBE) to 54 Gy(RBE). The prescribed dose of the
summed up plans in this study was 68 Gy(RBE) because of considerations by former
studies which suggested a prescribed dose higher than 60 Gy(RBE) in order to cause
the death of the malignant tumor cells [53]. Thus, the dose limits were not directly
applicable if a certain OAR was localized within or in the vicinity of the PTV.

Some constraints are shown in the following list:
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e chiasm D,eqn < 54 Gy(RBE)

e chiasm Dy < 60 Gy(RBE)

e optical nerves Dyy; < 60 Gy(RBE)
e brainstem D,eqn < 53 Gy(RBE)
o eye Dyean < 6.1 Gy(RBE)

e eye V35 < 50 Gy(RBE)

e lens Dyy, < 6 Gy(RBE)

e cochlea Dyeqn < 45.1 Gy(RBE)

hypophysis Doy, < 50 Gy(RBE)

The detailed definition of each parameter is given in chapter 2.6.2.

2.3 Treatment planning systems

The three treatment techniques which were introduced in chapter 1 were used in this
study: intensity-modulated X-ray therapy (IMXT), intensity-modulated proton therapy
(IMPT) and carbon ion therapy (*2C). The prescribed dose was 50 Gy(RBE) in 25
fractions and 18 Gy(RBE) in 6 fractions for PTV i1 and PTVy,est, respectively.

The following combinations of PTV ;1w and PTVy,.s were considered to deliver the
total summed up dose of 68 Gy(RBE):

Initial plans Boost plans
IMXT IMXT | IMPT | 2C
IMPT IMPT | 2C

120 120

TABLE 2.6: Combination of various treatment techniques for this study

The utilized treatment planning systems were Monaco V.3.2 (Elekta CMS software, St.
Louis, MO) for the IMXT plans, XiO V.4.4.1 (Elekta, CMS software, Crawley, UK) for
the IMPT plans and TRiP98 V.1001c for the 2C plans.

The degrees of freedom were defined by the couch angle and the gantry angle for each
beam. For IMPT and '2C no rotating gantry was assumed. Thus, the light ion scenarios

were based on fixed beam lines with a constant gantry angle.
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The main challenge of creating treatment plans was to find the optimal beam angles to
obtain an adequate dose coverage of at least 95% of the PTV ;1 and the PTV s with
95% of the prescribed dose and a low dose exposure of the primary OAR. The maximum
allowed dose to both target volumes were 107% of the prescribed dose corresponding to
53.5 Gy(RBE) for the initial treatment plans and 19.3 Gy(RBE) for the boost plans,
respectively [46].

2.3.1 Monaco

In this study the treatment planning system Monaco V.3.2 (Elekta CMS software, St.
Louis, MO) was used to create IMXT plans. The optimization process of the treatment
plans was done by means of biological or physical cost functions and physical dose-volume
constraints in order to optimize the dose distribution in the target volume (PTV) and
anatomical structures (OARs). For each structure one or more cost functions can be

assigned.

The first part of the optimization process represents the calculation of the optimal fluence
distribution for all beams by solving the optimization problem. This is done with the
conjugate gradient algorithm. Additionally, the corresponding dose distribution of a

finite pencil beam algorithm is calculated.

The second part of the optimization process is the beam segmentation according to the

weight of the beam and the mechanical MLC-properties [60].

Furthermore, a recalculation of the dose distribution with the use of a Monte Carlo
simulation is performed [61]. The optimization process concerning the shaping of the
segments lasts until a satisfying dose distribution according to the cost functions and

their constraints is obtained [60].

2.3.1.1 Cost functions

The cost functions can be divided into 5 physical and 3 biological cost functions.

Physical cost functions:

e Quadratic overdose: Prevention for hot-spots
e QQuadratic underdose: Prevention for cold-spots

e Maximum dose: Fixing of a dose limit which must not be exceeded
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e Overdose DVH: only a certain percentage of volume is allowed to exceed a certain

dose

e Underdose DVH: only a certain percentage of volume is allowed to be below certain

dose

e Target penalty: implements a quadratic penalty which starts at a certain dose
threshold.

Biological cost functions:

e Target-EUD: Prevention for cold-spots within the target volume

e Serial cost function: Limitation of the high-dose exposure of OAR and prevention

of the functionality-loss of a single sub-unit

e Parallel cost function: Limitation of the intermediate-dose exposure of a wide
range of volume and prevention of the functionality-loss of a certain percentage of

sub-units

Biological cost functions are based on the equivalent uniform dose (EUD)-concept. The
EUD-concept assumes the equality of a homogeneous and an inhomogeneous dose dis-

tribution causing the same radio-biological effect [62].

1
D = | == 2.1
EUD <Z£V:1Ui (2.1)

The parameter k represents tissue-specific quantity for biological cost functions and its

reaction to a certain dose.

The most commonly used cost functions for the treatment plans in this study were the
Target-EUD, the quadratic overdose and the serial cost function, which are described

below.

Target-EUD: The Target-EUD cost function is based on the linear quadratic model
and describes the cell kill/ cell survival of the tumor cells. For homogeneous tumor cell

density the function is given by:



48 Chapter 2 Patients and methods

f(D(zy)) = pe=*P@ (2.2)

D ;) represents the dose at a certain point x, p the relative cell density and o the cell
sensitivity. Target-EUD is based on the minimization of the low-dose voxels to increase

the cell deaths[63]. The effective tumor dose is given by:

D B 1 1 Zi\il pe_aD(mi)
eff = — 1 N
o > im1 Vi

(2.3)

Quadratic overdose: Applied in conjunction with the Target-EUD, the quadratic
overdose function can reduce high doses in the PTV in order to avoid hot-spots. It
can also be used for OAR to shape the dose gradient along the PTV. The function is
calculated by:

9(D(y)) = ©(D(yy — D) (D) — De)? (2.4)

O(D(y) — Dc) represents the heaviside function and D¢ a certain reference dose, which
defines a threshold for a voxel. Below this threshold the quadratic dose function is zero.
But if the dose exceeds the threshold, the function becomes the quadratic difference

according to [2.4

The effective dose is given by:

oo \/ >, (D) - De)(D(a:) - De)?
eff N

This dose is constrained depending on the overdose acceptance.

Serial cost function: Anatomical structures whose functionalities depend on linked

sub-units must be protected against the loss of a single one. Thus, the maximum of the
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dose must be minimized. Correspondingly, many points on the DVH with emphasis on

high doses must be controlled.

The penalty of each voxel x is given by:

9Dy = (%{j)k (26)

The penalty depends on the height of parameter k. Resulting from this dependency, the
exposure of the OAR to high doses decreases with an increasing parameter k. This is

shown in Figure [2.3
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FIGURE 2.3: Infuence of the k- parameter on the DVH of a serial organ[63]

Parallel cost function: Parallel cost functions are related to anatomical structures,
which tolerate high dose values in small subunits if the rest is spared. This cost function
effects the entire DVH-curve in varying degrees and particularly works in the middle of
the DVH curve Thus, many points on the DVH with emphasis on the mean dose

must be controlled and minimized.

2.3.1.2 Treatment plan configuration

A very important issue regarding the configurations of treatment plans was the at-
tempt to find optimal beam angles. This was done under the conditions to fulfil an
adequate dose coverage of at least 95% of the PTV ;0 and the PTV s with 95% of

the prescribed dose, combined with a low dose exposure of the primary organs at risk.
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FIGURE 2.4: Influence on the DVH of a parallel organ[63]

Correspondingly, a fundamental consideration of the localization of the PTV and OAR
within the PTV has to be done during the planning process.

For the treatment of PTV ;a1 six photon beams from the ipsilateral to cranio-caudal
direction had proven to fulfil this prerequisite. In contrast to the PTV,,;15q1, only four
beams were used for the treatment of P TV, because of the smaller volume, which

was easier to cover.

The beam angles were consistent for all patients depending on the localisation of the
tumor in the left or right brain hemisphere. Table 2.7 shows the beam configuration of
the 6 beams for the initial plans. The first 4 beams represent the configuration for the

boost plans.

Tumor in left brain hemisphere | Tumor in right brain hemisphere
Beam | Gantry | Couch Gantry | Couch

1 270° 0° | 90° 0°

2 260° 90° | 240° 90°

3 300° 90° | 280° 90°

4 290° 60° | 70° 300°

5 280° 90° | 260° 90°

6 280° 40° | 80° 320°

TABLE 2.7: Beam configuration of patients with the tumor localized in the left or right
brain hemisphere. All 6 beams were used to treat PTV,,;; and only the first 4 to treat
PTVBoost-

Furthermore, an appropriate amount of segmentations were taken into account. The
number of segmentations had to exceed 30. The grid size of the dose calculation matrix

was reduced from 4x4x4 mm3 to 2x2x2 mm? for the final plans.
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23.2 XiO

In this study the treatment planning software XiO V.4.4.1 (Elekta, CMS software, Craw-
ley, UK) was used for spot scanning with IMPT. For dose calculation and optimisation
the pencil beam algorithm was used. An inverse planning approach is used, where a
computer-based optimization process weights each spot and performs a pencil beam
weight optimization. In this optimization the number of protons associated with each
pencil beam is adjusted in order to find an optimal solution for the prescribed dose for
the PTV and to spare OAR [64].

Basically, the optimization scheme can be described as:

minimize : f(d(z)), where : x >0 (2.7)

x represents the vector of pencil beam weights, d the vector dose and f the total cost

function. d results from the sum of dose vectors associated with each pencil beam.

In contrast to the Monaco system the XiO is only based on physical constraints for PTV
and the anatomical structures like OAR. For the target volume it is restricted on the
input of a maximum, a minimum dose and a goal for the aimed dose including weighting
factors. For the OAR individual dose-volume points can be set in order to minimize the
dose exposure and the dose maximum of the OAR during the optimization process. The
optimization process ends when the cost function converges to the solution or when a

certain number of iterations is exceeded [65].

2.3.2.1 Treatment plan configuration

In contrast to the IMXT beam setting, the search for an adequate beam configuration
has to be done individually for each patient for IMPT plans. Resulting from that, the
beam configuration process was very time consuming in order to obtain an appropriate
solution, which fulfils the prerequisites regarding the PTV coverage and the less OAR

exposure to radiation.

For the PTV .10, two beams were applied from the ipsilateral direction. As a conse-
quence of the fixed beam lines for protons, which was assumed, the gantry angle was
fixed at 270° and only the couch angles were varied. In contrast to the PTV;,;tia1, two

beams were applied from the cranio-caudal direction for the PT V04, in order to obtain
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separate entrance regions for the four beams used in the entire treatment. The different

beam directions are illustrated in Figure

cranio-caudal

ipsilateral

FIGURE 2.5: Beam directions for PTV,:tiar and PT Vst

The individually obtained beam settings for the PTV,:4;: and PTVy,.s for each patient

are shown in table 2.8.

PTVinitial PTVpoost

Beam 1 | Beam 2 | Beam 1 | Beam 2
MA 1 0° 20° 90° 70°
MA 2 20° 50° 80° 100°
MA 4 10° 340° 90° 70°
MA 6 20° 50° 90° 70°
MA 7 10° 350° 80° 60°
MA 8 170° 200° 100° 80°
MA 9 160° 180° 100° 80°
MA 10 20° 350° 90° 70°
MA 11 180° 160° 110° 130°
MA 12 180° 160° 100° 80°

TABLE 2.8: Couch angle configurations for the PTV ,;ti0; and PT Ve, for each patient

The two beams for the respective treatment plan were always separated by a couch angle
of 20° to 30°. For the PTV,,tia, couch angles ranging from -30° and 30° with regard
to the horizontal beam line were investigated and the best beam positions were chosen.
For the PTVy,.st, beam positions along the cranio-caudal beam line were taken into

account.
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Additionally, XiO was capable of applying range shifters for superficially localized tu-
mors, in order to obtain a good PTV coverage. Moreover, help structures were created
for the limitation of maximum dose. Thus, high doses were suppressed in order to avoid

”hot-spots” in normal tissue.

Another important issue for the beam configuration is the number of spots in the target,
which is, for example, determined by the distance of the spot layers or geometrical
parameters defining the lateral space between individual Bragg peaks. The number of
spots during the optimization process corresponds to the degrees of freedom and to
the ability to create individual dose distributions for each patients. Furthermore, the
distance of the dose spots has to be low, in order not to influence the homogeneity of

the dose distribution [41].

In this study, the spacing between the IMPT energy layers was 0.8 c¢m, the spot size
(FWHM) 0.3 cm and the distance between spots was 0.5 cm [41].

Furthermore, the grid size of the dose calculation matrix was reduced from 4x4x4 mm?

to 2x2x2 mm? for the final plans, in order to avoid fluctuations of inhomogeneous proton
dose distribution. For some created plans only a grid size of 0.3 was obtainable, due to

the limited computational capacities.

2.3.3 TRIiP

For carbon ions, the treatment planning system TRiP98 V.1001c, which was developed
at the GSI, was used. It was designed to cooperate with three dimensional active dose
shaping devices like the GSI raster scanning system. In order to describe the interactions
of the carbon ion beams with the human tissue, both a physical and a biological model

are implemented in the TRiP 98 treatment planning system [66], 67, [68].

The used TriP98 version provides three different algorithms for dose calculation, the
classic, the allpoints and the multiscatter algorithm, which are described in detail in the
publications by Michael Kramer [66] [67]. The fastest algorithm for the calcuation of the
dose on the CT grid is the ”classic” approach, where 4 neighboring raster points are
taken into account for each voxel. Contrarily, the ”allpoints” algorithms considers all
neighboring raster beams spots. When using multiple field optimization as is was done in
this study the ”allpoints” algorithm is recommended because it provides a more accurate
dose calculation. The multiscatter algorithm additionally accounts for the broadening of
each beams spot as function of depth. It was not used in this study, since the accuracy

of the ”allpoints” algorithm was sufficient.
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Since charged particles like carbon ions are high LET radiation, they have an enhanced
RBE compared to protons. The incorporation into a treatment planning system is not
trivial, since the RBE depends nonlinearly on the atomic number of the tissue, the
absorbed dose and particles energy. Different models for the calculation of the RBE are
discussed in the particle community. The model used TRiP98 is the local effect model
LEM [69, [70].

To receive the biological effective dose, the physical dose is multiplied by the local RBE
factors calculated using the LEM model according the formula

D = Dyio = Dphyst RBE(AN (Epeam, 2, z,r)(dE)) (2.8)

The calculation algorithms used in the TRiP98 TPS are based on the assumption of
water equivalent targets. To account for density variation on the CT the concept of
the water equivalent path length (WEPL) is included. The conversion of houndsfield
units (HU) into WEPL is based on the experimental data which are explained in the
publications [71], 72} [73].

2.3.3.1 Treatment plan configuration

As for the proton plans only a fixed beam from horizontal direction was assumed and
the couch angle was varied to treat the PTV;,;; from ipsialateral and the PTV g5 from
cranio-caudal direction. In contrast to proton plans, the coordinate system was defined
differently. While for the proton beams the gantry angle was fixed at 270°, the gantry
angle was fixed at 0° for the carbon ions. Correspondingly, also the couch angles were
varied according to the shifted coordinate system. The two coordinate systems with

their differently defined gantry (g) and couch (c) angles are illustrated in Figure

The chosen configurations for all patients according to the TRiP98 coordinate system

are listed in table 2.9.

The couch angles were chosen in the same way as for the proton treatment plans with
the aim to receive the best possible isodose distribution with respect to target coverage
and OAR sparing. Following this strategy, different couch angles were chosen for proton
and carbon ion plans for some patients with a couch angle separation between the two
beams of 20° or 30°. For all treatment plans a calculation spot size (FWHM) of 4-6 mm

was used in combination with a Bragg peak width of 3 mm.
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(a) Coordinate system for proton beams (b) Coordinate system for carbon ions

FIGURE 2.6: Definitions of gantry (g) and couch (c) angles for proton and carbon ion
therapy in the present study

PTVinitial PTVpoost

Beam 1 | Beam 2 | Beam 1 | Beam 2
MA1 80° 100° 0° 20°
MA2 70° 90° 0° 20°
MA4 80° 100° 0° 20°
MAG6 80° 110° -10° 20°
MA7 80° 100° -10° 20°
MAS -80° -100° -10° 10°
MA9 -80° -100° -30° 0°
MA10 80° 100° 0° 20°
MA11 -80° -100° 0° -20°
MA12 -80° -100° 0° -20°

TABLE 2.9: Couch angle configurations for the PTV ,;ti01 and PTVy,es: for each patient

24 CERR

With the MATLAB based software platform CERR (V.4.1) the dose matrices of the
initial plans and the boost plans were summed up on a voxel by voxel basis. Fur-
thermore, an in-house developed MATLAB based software tool (MathWorks, Natick,
Massachusetts (USA)R2009,64 bit) was used to create patient averaged dose-volume-

histograms and to assess dosimetric differences between plans and plan combinations.

CERR (Version 4.1, May 2012) [74] is a Matlab-based Computational Environment for
Radiation Research. CERR is capable of importing and displaying treatment plans
from a wide variety of commercial or academic treatment planning systems, if the data

is available in the DICOM format. CT-imaging systems and treatment planning systems
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like Monaco and XiO support the DICOM format. Contrastingly, the TRiP-plans need
to be converted into the DICOM format by an in-house developed software tool. After
the import of the DICOM files to the CERR environment, they are converted to a
Matlab-readable CERR file and can be displayed on a CERR surface.

The main CERR viewer window displays the transverse, sagittal and coronal images

simultaneously including the dose distribution of the chosen treatment plan Figure

File View Dose IMRT Metrics Scan Structures Help

Not for clinical use

Window Colormap.

—Manval—i - | |cray

Center. it
0 300

= ||
e @)

« b
e Lo

F1GURE 2.7: Display of the CERR environment

Furthermore, switching between plans with different treatment modalities is simple.
Additionally, CERR is able to sum up the doses of different treatment plans. In this
study this was used to sum up initial and boost plans from different modalities according

to chapter 2.2.2. The summation is done on a voxel by voxel basis.

Another important feature of CERR is the capability of computing dose-volume-histograms
(DVHSs) of every target volume and organ at risk in terms of a certain treatment modal-
ity. For this, CERR fundamentally assumes that structures can be approximated as
small volumes associated with the image scan. The values, which are associated with
the DVH calculation, are computed by sampling doses at the voxel centers. The DVHs
are displayed by cumulative plots [74].

2.5 Evaluation parameters

The following evaluations were performed by an in-house developed Matlab based soft-

ware tool (MathWorks, Natick, Massachusetts(USA)R2009,64 bit).
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2.5.1 DVH Export

After the creation of DVHs by CERR, a txt-output file for the chosen DVHs including
five columns can be exported, using a Matlab command. Each column represents either
a cumulative DVH with absolute values, a differential DVH or a cumlulative weighted

DVH concerning the dose or the volume.

2.5.2 Dosimetric parameters

For the evaluation of the DVHs, various dosimetric parameter were of interest to assess

the quality of the treatment plans in means of PTV coverage and OAR sparing.

2.5.2.1 Dose-volume-parameters

The ”dose-volume”-parameters represent the deposited dose [Gy(RBE)] at a certain
percentage of volume of a target volume or a OAR. For this study the following ” dose-
volume”-parameters, recommended by the ICRU83 [46], were used for evaluations of the

PTVs and the organs at risk:

Dose [Gy(RBE)] at 2% of volume (Dyg) as surrogate for maximum dose

Dose [Gy(RBE)] at 50% of volume (D5qy) as surrogate for median dose

Dose [Gy(RBE)] at 95% of volume (Dgs5¢,) as surrogate for dose coverage

Dose [Gy(RBE)] at 98% of volume (Dgge;) as surrogate for minimum dose

To illustrate the developed Matlab based software tool, one basic function in form of
the ”dose-volume”-parameter is given below in terms of the Matlab-code including com-
ments. This function is capable of calculating any volume at a certain dose. This was

done for the volumes listed above.

In order to avoid redundancy this type of Matlab-code documentation is performed once
for this representative function only. The following documentation is dealing with the

"DoseAtVol”-function and the function parameters "DVH” and ”VolValue”.

Code for the function to calculate dose at volumes
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function Dose=DoseAtVol(DVH, VolValue)
%This function delivers a dose at a certain volume from a DVH. It searches for the closest volume value

%and interpolates between the two closest points.

Range=5; J, size of search pattern
Dose=-1; % set a default dose, which can be recognized as error state.

curpos=0;

% calculate the closest of all values to the VolValue according to the position
[min_diff,pos]=min(abs(DVH(:,2)-VolValue));

if (min_diff < Range)
tmpDose (1)=DVH(pos, 1) ;
tmpVol (1)=DVH(pos,2);
size0fDVH=size (DVH) ;

% finding the parameters for interpolation
if (sizeOfDVH(1) == pos) %only if the last value is the searched one
% safety check, to prevent failure on empty volumes
if (tmpVol(1)==0)
Dose=0;
else % (tmpVol(1)==0)
% find the temp doses for interpolation
tmpDose (1)=DVH(pos-1,1);
tmpDose (2)=DVH(pos, 1) ;
tmpVol(1)=DVH(pos-1,2);
tmpVol (2)=DVH(pos,2) ;

% if the last value is higher the the wanted one, create a value and then interpolate
if (DVH(pos,2)>VolValue)
tmpDose (1)=DVH(pos, 1) ;
intv=DVH(2,1)-DVH(1,1);
tmpDose (2) =tmpDose (1) +intv;
tmpVol (1)=DVH(pos,2);
tmpVol(2)=0;
end 7 (DVH(pos,2)>VolValue)
end % (tmpVol(1)==0)

% here if the searched value is not at the boundaries
else % (sizeOfDVH(1) == pos)

% if the closest value is lower than the searches value
if (DVH(pos,2)<VolValue)

ch=1; curpos=pos;

% the first dose value is per definition zero, and so is the dose
if (pos==1)
Dose=0;
else % (pos==1)
% that only happens if more equal points are the closest to VolValue,
%so we pick just the last one
while(ch==1)
tmpDose (2)=DVH(curpos-1,1) ;
tmpVol (2)=DVH(curpos-1,2);
if (tmpVol(2)>VolValue) ch=0;
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else curpos=curpos-1;
end % (tmpVol(2)>VolValue)
end %(ch==1)
end % (pos==1)

% if the closest value is higher than the searches value
else % (DVH(pos,2)<VolValue)
ch=1; curpos=pos;
% that only happens if more equal points are the closest to VolValue,
% so we pick just the last one ;
% and make sure the index does not exceed matrix dimensions
while(ch==1 && curpos < length(DVH))
tmpDose (2)=DVH(curpos+1,1);
tmpVol (2)=DVH(curpos+1,2);
if (tmpVol(2)<VolValue) ch=0;
else % (tmpVol(2)<VolValue)
curpos=curpos+1;
tmpDose (1) =DVH(curpos, 1) ;
end % (Vol(2)<VolValue)
end % while(ch==1 && curpos < length(DVH))
end % if (DVH(pos,2)<VolValue)
end % (size0fDVH(1) == pos)

% check existence of parameter and do the interpolation
if (Dose "= 0 && curpos ~= length(DVH))
Dose=interpl (tmpVol,tmpDose,VolValue);
elseif (curpos == length(DVH))
Dose=tmpDose(1);
end % (Dose "= 0 && curpos ~= length(DVH))

else % (min_diff < Range)
Dose=0;

end % (min_diff < Range)
Another type of ”dose-volume”-parameters represent a certain amount of volume [%]
which is exposed to a certain percentage of dose. For the evaluation the parameters at

20% of dose (Vagy), at 50% of dose (Vigy,), at 80% of dose (Vggy) and at 95% of dose

(Vgs9) were used.

2.5.2.2 Mean dose

The mean dose (Djyeqn) is defined as the sum of the product of voxel doses D; divided

by the number of voxels n:

Dmean =
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2.5.2.3 Homogeneity index

The homogeneity index (HI) represents the steepness of the curve in a PTV-DVH and
characterizes the tendency of the fall-off. The HI is defined by ICRUS83 [46] as follows:

g7 — D2% — Dosxe (2.10)

D5, represents the normalization value.

The closer the HI is to zero, the higher is the indication of a nearly homogeneous dose

distribution.

2.5.2.4 Conformity index

The conformity index (CI) represents the quotient of the treated volume and the planning
target volume. The CI, defined by Paddick et al [75], describes to what extent the volume

of a dose distribution conforms to the size and the shape of a target volume.

TV PI?

TVPI is the PTV subvolume encompassed by the 95% isodose, PI the volume of 95%
isodose and TV the total planning target volume. Thus, an ideal conformity corresponds

to a Cl-value of 1.

2.5.3 Statistical evaluation

In order to obtain assessments over all 10 patients, statistical evaluations including

Student’s t-test were performed.

2.5.3.1 Mean value and standard deviation

Firstly, the mean value X over all patients of every dosimetric parameter was determined
by ([76], p.413):
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- X+ X+ .. +Xy YN X
X = = = 2.12
N N (212)

X; represents a dosimetric parameter for a certain patient and N the number of patients.

Secondly, the standard deviation of the mean value S was ([76], p.413):

Sk T a1

V; represents the deviation of the dosimetric parameters X; to the mean value X, if
N>2.

2.5.3.2 Student’s t-test

Finally, all dosimetric parameters for both PTVs and the OARs were compared by
performing the paired two tailed student’s t-test ([76], p.416ff).

X —
t— Ho

. (2.14)
N

As given in formula the paired t-test proves for two depending samples, if the
unknown mean value p is equal to the presumed mean value jg. X is therefore the
assuming-function for . The null hypothesis is ¢ = pg. A prerequisite is the normal

distribution of the differences.

The standards for the comparison were either the IMXT plans for the PTV-comparison
or the combined IMXT;,itiai FIMXThoost plans for the OAR-comparison. The results

from the Student’s t-test were assumed as significant for a p-level < 0.05.

2.5.4 Operating instructions for the evaluation software

Corresponding to the three evaluation chapters above, the evaluation process can be
performed by three main scripts of the in-house developed Matlab-software tool in this

order:
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e The script ”DVHExport” exports txt-outcome files from a certain Matlab-readable
CERR-ile.

e The script ”calculatelndices” calculates all parameters described above for a cer-

tain patient.

e The script ”calculateStatistics” performs the statistical evaluation in order to cre-
ate patient averaged dose-volume-histograms with the related parameters and their

statistical characteristics.

All of the scripts can be activated by the ” Run”-command in the Matlab-environment.
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Results

The aim of the following chapter is to provide and discuss the results of this study.
As outlined earlier, the three treatment modalities were intensity modulated photon
therapy (IMXT), intensity modulated proton therapy (IMPT) and carbon ion therapy
(120).

In order to obtain a systematic structure, the chapter is divided into two main parts:

e Target volumes

e Organs at risk

3.1 Target volumes

In this chapter the results for both the single and the combined plans are presented for
the planning target volume (PTV). The illustration of the target coverage is done by
means of dose-volume histograms and the characterisation by various parameters, which

were introduced in chapter 2.6.2.

3.1.1 Imitial and boost plans

In Figure[3.1]and 3.2 the dose distribution of the initial and boost plans of IMXT, IMPT
and 2C are illustrated for a representative patient. Differences regarding the medium
and the low dose levels and the sharpness of the penumbra between IMXT and the light

ion modalities can be observed.

63
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FIGURE 3.2: Dose distribution of PT Vst
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Similar to the resulting dose distributions in Figure and the DVH of both the
PTVnit and the PTV gyos of the three treatment techniques are depicted in Figure (3.3

The graph of IMXT declines first and exceeds the prescribed dose for both PTVs the
most. Moreover, IMXT reveals the worst dose coverage across the target volume and the
highest maximum dose Dqyy,. However, none of the treatments exceeded the maximal
tolerated dose of 107% according to [46] and thus, unwanted ”hot-spots” in healthy

tissue were avoided.

In contrast to IMXT, the IMPT and '2C dose volume histograms for the PTVs showed a
similar behaviour in terms of dose maximum and decline. Both reveal a better coverage

and a reduced high dose level.

Tables 3.1 and 3.2 provide selected important average dosimetric parameters of PTV ;¢
and PTV gyost. All values were compared with respect to the results obtained for IMXT
using the Student’s t-test. Significant differences (p < 0.05) are indicated with S in the
tables 3.1 and 3.2.

PTV Initial

IMXT IMPT 12C
Mean value | Standard deviation | Mean value | Standard deviation | p | Mean value | Standard deviation | p
D 2% [Gy(RBE)] 53.36 0.56 50.77 0.20 S 50.64 0.08 S
D 50% [Gy(RBE)] 50.72 0.23 50.11 0.08 S 49.93 0.11 S
D 98% [Gy(RBE)] 46.69 0.77 48.71 0.36 S 48.62 0.59 S
V 95% (%) 96.08 1.34 99.29 0.35 S 99.11 0.54 S
HI 0.13 0.02 0.04 0.01 S 0.04 0.01 S
CI 0.57 0.03 0.73 0.05 S 0.81 0.05 S

TABLE 3.1: Average dosimetric parameters of PTV,;; with mean values and standard
deviation and the significant differences (depicted by S)

PTV_Boost

IMXT IMPT 12C
Mean value | Standard deviation | Mean value | Standard deviation | p | Mean value | Standard deviation | p
D 2% [Gy(RBE)] 19.11 0.23 18.59 0.12 S 18.26 0.06 S
D 50% [Gy(RBE)] 18.27 0.10 18.10 0.06 S 18.01 0.04 S
D 98% [Gy(RBE)] 17.16 0.32 17.31 0.12 17.54 0.12 S
V 95% (%] 97.64 2.01 98.58 0.56 99.17 0.34 S
HI 0.11 0.02 0.07 0.01 S 0.04 0.01 S
CI 0.44 0.07 0.69 0.04 S 0.78 0.03 S

TABLE 3.2: Average dosimetric parameters of PTVy,,s: with mean values and standard
deviation and the significant differences (depicted by S)

The median dose Dsgy, fulfilled the prescribed dose of 50 Gy(RBE) and 18 Gy(RBE)
within a range less than 1.5% for PTV,,;; and PTV gyost, respectively.

The maximum dose was represented by the parameter Doy, IMXT indicated the highest
Doy, values for both PTVs. Concerning the PTV;,;; of the IMXT plans, Doo, was 53.36
Gy(RBE). When compared to the IMPT and '2C plans, the maximum dose of IMXT
is almost 3 Gy(RBE) higher than the light ion modalities. Whereas the maximum dose
of IMPT is only slightly higher than '2C. Moreover, the boost plans showed similar

tendencies.
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The dosimetric parameter which characterizes the decline and the steepness of the graph
is the homogeneity index (HI) and was calculated according to ICRU83 [46]. The HI
was described in chapter 2.5.2.3.

IMXT had the highest HI value with 0.13 and 0.11 for both the initial plans and the
boost plans, respectively. This underlined the observations in Figure [3.3] in terms of
the highest dose maximum and the most progressive decline of the IMXT graph, when
compared to IMPT and '?C. The HI of the light ion modalities was approximately 0.04,

whereas 12C revealed the best homogeneity concerning the boost plans.

The dosimetric parameter Vgso, represents the dose coverage of a certain amount of

volume at 95% of the prescribed dose.

However, Vg5, was higher than 95% for all of the treatment modalities, i.e. all plans were
fulfilling the dose prescription. IMXT revealed lower values than IMPT and '>C. Thus, a
higher dose coverage was obtained using particle therapy modalities. Particularly, Vg5
of the initial plans ranged from 96.05 % for IMXT to more than 99.1 % for the light
ion plans. The values of IMPT and '2C were comparable high. Concerning the boost
plans, 12C was even 0.6 % superior to IMPT. Otherwise, the results were comparable

for boost and initial plans.

In order to assess the conformity of the dose distribution across the target volume and the
shape of the penumbra, the conformity index (CI) was calculated according to Paddick
et al [75] as described in chapter 2.5.2.4. The CI describes to what extent the volume
of a dose distribution conforms to the size and the shape of a target volume. A high
conformity index indicates a close surrounding of the target volume resulting to a lower
exposure of the normal tissue to the 95 % isodose level. In this regard, the light ion
treatment modalities were superior to IMXT. 2C revealed the highest CI with 0.81 for
the initial treatment plans. This was higher by almost 0.25, when compared to IMXT,
which had a CI of 0.57. Concerning the boost plans, the difference between the CI of
IMXT and '2C was even more than 0.3. The IMPT plans indicated also a higher CI
than IMXT, but '2C revealed the best results for both plans. The slightly superior
conformity of '2C' over IMPT can be explained by the less lateral scattering and the

sharper shape of the Bragg peak of carbon ions as depicted in Figure

All parameters for the initial plans of IMPT and '2C yielded a significant difference
(depicted by S), when compared to the parameters of IMXT. The parameter of the

boost plans were consistent to those of the initial plans.
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3.1.2 Combined plans

The PTVs of the combined treatment plans IMXT+IMXT, IMPT+IMPT and "2C+'2C
with a total prescribed dose of 68 [Gy(RBE)] of a representative patient are shown in

Figure
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FiGUure 3.4: DVH of the combined plans

As it can be seen in Figure 12C4+12C revealed the closest surrounding of the 64.6
Gy(RBE) (95% of 68Gy(RBE)) isodose around the boost PTV, which led to a lower
dose for the initial volume. This is illustrated in Figure by the rapid decline of the
initial graph of '2C+'2C. The conformity and the dose distribution are depicted in
Figure 3.5
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FIGURE 3.5: Dose distribution of combined plans
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It can easily be seen, that the penumbra of the light ion treatments is much sharper.
Also the extent of the low dose levels is more focused around the target volume and less

healthy tissue is exposed to radiation.

Nevertheless, a more extended low dose level at the entrance areas was observed for the
proton and carbon ion plans than for the IMXT treatment plans. This is caused by the
number of beams which were used for the treatment. Resulting from the smaller number
of fixed beams coming from the same direction and being separated by small couch angles
only, the entrance areas for IMPT and '2C showed a different dose distribution than
IMXT.

The comparison of the entrance areas of IMPT and C showed a reduced dose extent
for 12C.

3.2 Organs at risk (OAR)

This chapter is related to the evaluation of the dose exposure of organs at risk. For this

study the OAR were divided in two groups, as described in chapter 2.2.2:

e Primary OAR

e Secondary OAR

The primary OAR contained organs which were considered during the optimization
process. This group contained organs of the optical pathway as well as large areas of

the brain.

The secondary OAR included smaller organs in the surrounding of the target volume

and anatomical structures as the whole brain hemisphere.

A summary of the averaged dosimetric parameters Doo, D5gor, Dimeans Voo, Vso%s Veo%
for selected primary OARs is given in Tables 5.1 and 5.2 in the appendix. Tables 5.3

and 5.4 contain the parameters for selected secondary OARs.

3.2.1 Primary OAR
3.2.1.1 Eyes

In Figure |3.6| the DVHs of both the eye; and the eye. are shown for the combinations of

sole photon, carbon ion and proton treatments.
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FIGURE 3.6: DVHs of eyes

Both the IMPT+IMPT and the '2C+'2C modalities showed a sparing of the eyes com-
pared to IMXT+IMXT. Doy, Dsgy and Diypeqn revealed a significant difference for all
of the compared modalities. The maximum dose Dy, of the eye, was 8.2 Gy(RBE) for
the IMXT+IMXT modality and was reduced using the '?C+'2C modality by almost 7
Gy(RBE). The mean dose of the eye. declined for these modalities from 4.5 Gy(RBE)
to approximately 0 Gy(RBE). For the eye;, Doy, was reduced from 38.6 Gy(RBE) down
to 20.6 Gy(RBE), which corresponded to a decrease by even 18 Gy(RBE). The mean
dose decreased from 20.8 Gy(RBE) to 9.0 Gy(RBE).

Concerning the dosimetric parameter Vagy,, the eye. was reduced to no dose exposure
at all and Vg, of the ipsilateral eye was reduced from 45.5 % to 19.4 %, when 2C+12C
was compared to IMXT+IMXT.

Also the mixed-combined modalities combining IMXT as initial plan with 2C' and IMPT
as boost treatment revealed a significant enhanced sparing in terms of Dyg;, D5, and
Dinean, when compared to IMXT+IMXT. Particularly, Dyg, of the eye; decreased to
33.7 Gy(RBE) for the IMXT+'2C modality, which corresponded to a dose reduction of

almost 5 Gy(RBE). Nevertheless, the sole carbon and proton modalities were superior.

The reason for these achievements in terms of dose reduction is the close locations of the
PTYV next to the eye; without including the eye itself. Only for two patients the PTV
reached partly into the eye’s volume. Consequently, a sharper penumbra and a better
conformation had an impact on the reduction of the middle and low dose areas and so

on the dose exposure of the eyes.

The dose limits of former studies were according to chapter 2.2.2:

e eye Dyean < 6.1 Gy(RBE)
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e eye V35 < 50 Gy(RBE)

e lens Doy, < 6 Gy(RBE)

The dose constraint for the parameter Vg5 was always fulfilled for both eyes. The D,,eqn-
limit of 6.1 Gy(RBE) was fulfilled only for the eye.. The dose exposure of the eye; is
that high due to the localization at the edge of the PTV.

The maximal dose limit of 6 Gy(RBE) was always fulfilled for the lens.. For the lens ;,
the Dog-limit is only fulfilled for the sole carbon and proton combinations, due to the

reduced extent of the low and medium dose distribution.

3.2.1.2 Optical pathway

The optical pathway consists of both optical nerves, optical nerves. and optical nerves;,
and the chiasm. The DVHs of the optical pathway for the combinations of sole photon,
carbon ion and proton treatments are shown in Figures [3.7] and
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FiGure 3.7: DVHs of optical nerves

The dosimetric parameters Dao, Dypean and Voo, of the contralateral optical nerve re-
vealed significant differences for every treatment modality when compared to IMXT+IMXT.
This behaviour was comparable the eyes, although the dose reduction were not that
pronounced. In particular, the dose maximum was reduced from 43.8 Gy(RBE) to 37.3
Gy(RBE), when 2C+4'2C was compared to IMXT+IMXT. Since a large part of the
contralateral optical nerve was included in the PTV for two patients, the standard de-
viation of the mean values was quite high. Nevertheless, significant differences were
observed comparing IMXT+IMXT with the particle beam modalities for most dosimet-
ric parameters, as depicted in Table 5.1 and 5.2 in the appendix.
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FIGURE 3.8: DVH of chiasm

On the contrary, the optical nerve; revealed barely significances for the comparison of
most of the dosimetric parameters. Moreover, dose sparing was difficult because the
ipsilateral optical nerve was almost totally included within the PTV for most of the
patients. Consequently, the optical nerve; could hardly be included into the optimization

process.

However, only the '2C'+1'2C modality obtained a significant dose reductions in terms of
the parameters Doy and Dyyean. Doy decreased from 65.5 Gy(RBE) to 64.2 Gy(RBE)
and Dpeqn from 59.6 Gy(RBE) to 53.3 Gy(RBE).

The dose limit of former studies were according to chapter 2.2.2:

e optical nerve Dyg; < 60 Gy(RBE)

The optical nerve, fulfilled always the dose limit. Contrarily, due to the localization

within the PTV, the optical nerve; did never.

The comparison of the dosimetric parameters of the chiasm, which is the connection
between the optical nerves, did not reveal significant differences independent of the
compared treatment modalities. This resulted from the small size and the location of
the chiasm. In eight of ten patients the chiasm was located completely within the PTV

and thus, the optimization process was not possible at all.

The dose limit of former studies were according to chapter 2.2.2:

e chiasm Dean < 54 Gy(RBE)
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e chiasm Doy < 60 Gy(RBE)

The average Dypean value of the chiasm fulfilled the limit of 54 Gy(RBE) for all modali-
ties. Nevertheless, for five patients this limit was exceeded by more 10 Gy(RBE), for two
it was exceeded slightly and only for three patients the chiasm was completely outside of
the PTV. Resulting from that, the chiasma could only be involved into the optimization
process for three patients. For the other patients an elevated risk existed to become

blind, according to the high dose exposure of the chiasm.
The maximum dose limit of 60 Gy(RBE) was not fulfilled of any modality at all.
3.2.1.3 Brainstem and cerebellum

The DVHs of both the brainstem and the cerebellum for the combinations of sole photon,

carbon ion and proton treatments are depicted in Figure (3.9
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FIGURE 3.9: DVHs of brainstem and cerebellum

The comparison of all chosen dosimetric parameters of the brainstem revealed a signif-
icant difference for every treatment modality, when compared to IMXT+IMXT. The
results of the evaluation of the dosimetric parameters of the cerebellum were almost

consistent to the brainstem in terms of significant differences.

When 2C+'2C was compared to IMXT+IMXT, the mean dose decreased from 43.5
Gy(RBE) to 18.3 Gy(RBE) for the brainstem and from 16.0 Gy(RBE) to 3.4 Gy(RBE)
for the cerebellum, respectively. Moreover, the dose maximum Dy, revealed a reduction
from 66.8 Gy(RBE) to 61.6 Gy(RBE) for the brainstem and from 53.9 Gy(RBE) to
34.1 Gy(RBE) for the cerebellum, respectively. Also the parameter Vogy and Vsgy
illustrated the dose reduction. Vogy decreased from 97.7 % to 39.7 % for the brainstem
and from 40.2 % to 6.9 % for the cerebellum, respectively. Vgoo was reduced from
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66.7 % to even 23.2 % for the brainstem and from 13.8 % to 3.9 % for the cerebellum,

respectively.

The PTV was located closely to the brainstem and the cerebellum, but did hardly reach
into their volumes and thus, a higher conformity with the target volume had an impact

on the dose exposure of the brainstem and the cerebellum.

The dose limit of former studies were according to chapter 2.2.2:
e brainstem D,eqn < 53 Gy(RBE)

This dose limit could be fulfilled for all treatment modalities and combinations.

3.2.1.4 Pituitary gland

In Figure the DVHs of the pituitary gland (hypophysis) is depicted for the combi-

nations of sole photon, carbon ion and proton treatments.
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FiGURE 3.10: DVH of hypophysis

Due to the localisation and the small size, the results of the pituitary gland were com-
parable to them of the chiasm. No significant differences for any treatment modality or
any dosimetric parameter were observed at all. Since the pituitary gland was located
completely within the PTV for eight patients, the optimization process was hardly pos-
sible.

The dose limit of former studies were according to chapter 2.2.2:

e pituitary gland Dy < 50 Gy(RBE)
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This dose limit was not fulfilled for any treatment modality. The limit was exceeded by

more than 12 Gy(RBE) caused by the inclusion within the PTV for most of the patients.

3.2.1.5 Comparison of mixed modalities for selected primary OAR

The DVH curves of sole and mixed treatment combinations for selected primary OAR

are compared in Figure [3.11
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FiGURE 3.11: Comparison of sole and mixed treatment combinations for various pri-
mary OARs

As shown in Figure [3.11k, the dose exposure of organs at risks varies with the boost
modality, when IMXT is chosen as treatment technique for PTV,,q. Particularly,
with carbon ion boost a dose reduction was obtained. The mean dose of the eye; and
the brainstem decreased from 20.8 Gy(RBE) to 17.4 Gy(RBE) and from 43.5 Gy(RBE)
to 36.4 Gy(RBE), respectively. The benefits of carbon ion boosts were already described
by Combs et al [53] with the study "MARCIE Trial” at die HIT in Heidelberg in terms
of the progression-free survival rate as the primary endpoint and the overall survival,

safety and toxicity as secondary endpoints.

However, the organ at risk sparing of the modalities with IMXT as initial technique
was not that pronounced as it was with of sole treatment combinations, as illustrated
in Figure [3.11d. Here, the mean dose of the eye; and the brainstem decreased from
20.8 Gy(RBE) to 9.0 Gy(RBE) and from 43.5 Gy(RBE) to 18.3 Gy(RBE), respectively.
Particularly, the dose sparing of the brainstem with the sole carbon modality is remark-

able. When C+'2C was compared to IMXT+IMXT, the volume exposed to dose were
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reduced for the parameters Vogy, Vsoy, and Vggy, from 97.7 % to 39.7 %, from 66.7 %
to 23.2 % and from 31.7 % to 11.4 %.

For OARs with a high percentage of their volume within the PTV like the optical
nerve; and the chiasm, a high dose sparing could not be observed using different boost

modalities.

3.2.2 Secondary OAR
3.2.2.1 Brain hemisphere

The brain hemisphere is an anatomical structure, which expands the ipsilateral and
the contralateral brain areas, called brain. and brain;. In Figure the DVHs of
both hemispheres are shown for the combinations of sole photon, carbon ion and proton

treatments, respectively.

B 12C+12C-Brain ¢ B 12C+12C-Brain i
0.9}f= = = = IMPT+IMPT-Brain ¢ 09} = = = = IMPT+IMPT-Brain i
E . R IMXT+IMXT-Brain ¢ N KA IMXT+IMXT-Brain i

Volume [%]
o
o
Volume [%]

I T — i i i i i i i i
30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
DOSE [Gy(RBE)] DOSE [Gy(RBE)]

(a) DVH of brain. (b) DVH of brain;

FIGURE 3.12: DVH of brain hemispheres

The brain,, which is an important indicator for dose of the normal tissue on the con-
tralateral side of the brain, revealed significant differences for all dosimetric parameters
of the sole carbon ion and proton modalities, when compared to IMXT+IMXT. Par-
ticularly with the '2C' 4-'2 C' combination, the parameter Dy, was reduced from 51.4
Gy(RBE) to 30.3 Gy(RBE) and Vayy from 28.4 % to 3.6 %. For the mean dose and
the parameter Vg, even the IMPT+IMPT modality was superior to 12C' +12 C'. This
is probably resulting from the fragmentation tail of the carbon ions, which extends
from the distal edge of the tumor to the contralateral brain hemisphere and causes dose

exposure.

Concerning the ispilateral brain, the carbon ion modality was superior to both the

photons and the protons and had similar significant differences as brain.. However, this
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differences had to be considered with caution, because the ipsilateral brain hemisphere

is almost spared for one patient and thus, the averaged values were influenced.

3.2.2.2 Secondary contralateral OAR

A special focus was put on the organs at risk on the contralateral side to obtain compa-
rable indicators for the dose distribution in normal tissue. In Figure [3.13] DVH curves

of selected secondary contralateral OAR are illustrated. These OAR are the chochlea,,
the hippocampus, and hypothalamus,.

Tpoapsonn

ook ™S PRI E A EPTEREREE SREPTRRE
o . ‘Hypothalamus contralateral
DB ‘, ...... = spEmete et B T
______ . SR . Y Y. -
07 & 12C 4 12€C
O . : 5
O oo . . A i || ——— protons + protons

drsssassaanares IMXT + IMXT

........................................................................

Volume [%]
]
&

i i~ 1
0 10 20 30 40
DOSE [Gy(RBE)]

F1GURE 3.13: DVH of chochlea., hippocampus,. and hypothalamus,

For light ion therapy a high dose reduction for contralateral secondary organs was ob-
served, even if these organs were not directly included in the optimization process. Par-
ticularly, the mean dose of the cochlea, and the hippocampus. were reduced from 23.1
Gy(RBE) and 18.0 Gy(RBE) to below 5 Gy(RBE) with the light ion modalities, respec-
tively. Furthermore, the parameter Voqy, decreased from 90 % to zero for to cochlea, and
from 68.1 % to approximately 7 % for the hippocampus.. Moreover, all ”Dose-volume”-

parameters of the proton and carbon ion treatment plans were significantly reduced,
when compared to IMXT-IMXT.
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Concerning the hypothalamus., dosimetric parameters Dog, Dypeqn and Voge, revealed
significant differences. When 2C+'2C was compared to IMXT+IMXT, Dyy, was re-
duced from 49.3 Gy(RBE) to 35.2 Gy(RBE), Dyjean from 42.6 Gy(RBE) to 23.8 Gy(RBE)

and Vaogy, from 99.7 % to 42.5 %.

The IMPTHIMPT modality was even slightly lower as 12C' +12 C in terms of the dose

maximum and the mean dose. The cochlea. even revealed significant differences, when

the proton modality was compared to the carbon ion modality. This resulted again from

the fragmentation tail of the carbon ions.

The dose limit for the cochlea of former studies were according to chapter 2.2.2:

e cochlea Dyean < 45.1 Gy(RBE)

This limit was for the cochlea, always fulfilled due to less dose exposure at the contralat-

eral side.

3.2.2.3 Secondary ipsilateral OAR

In Figure various DVHs of the ipsilateral OARs are illustrated.
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FIGURE 3.14: DVH of chochlea;, hippocampus; and hypothalamus;

These OAR indicated a high exposure to radiation, depending on the amount of their

volume within the PTV.
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However, the hippocampus; and the hypothalamus; revealed a significant dose reduction
of the mean dose by more than 10 Gy(RBE) with the carbon ion modality. On the other
hand, the cochlea; revealed no significance for any dosimetric parameter. And thus, the
dose limit of former studies according to chapter 2.2.2 of Dyyean < 45.1 Gy(RBE) was
not fulfilled for any modality.



Chapter 4
Summary and Outlook

The aim of this study was to compare the dosimetric characteristics of photon, proton
and carbon ion therapy and to combine their different characteristics in order to obtain
the most beneficial treatment technique for atypical or malignant skull base meningioma

patients.

The coverage of the target volumes were excellent for all treatment modalities. Light ion
beam therapy, however, was superior to photon therapy in certain aspects. The target
coverage was improved and furthermore a higher grade of target conformity and target
dose homogeneity was obtained and the total integral dose was reduced. IMPT and and
12C revealed similar characteristics in terms of the planning target volume, though for
12¢ glightly better plan evaluation parameters were obtained. This might arise from
the better coverage of carbon ions, due to the sharper shape of the Bragg peak and the
less lateral scattering. Kosaki et al [77] obtained similar results with a higher target
dose conformity and a better OAR sparing for the carbon ion plans, when compared
with the proton and photon plans. They also used horizontal beams for the light ion
beam therapy as in this present study and concluded that the IMPT and '2C have the
potential to overcome the lack of gantry for skull base meningioma. Nevertheless, Kosaki
et al included only 5 patients in their study, where the application of a non-gantry plan
could be approved. In our study acceptable plans using no gantry could be achieved for

all ten patients considered in our study.

Concerning the primary OARs, light ion beam therapy revealed a high dose reduction
to the normal tissue and a sparing of most of the considered organs. This was revealed
by organs localized in the vicinity of the PTV ( Figures and 3.9). In particular, for
both the brainstem and the cerebellum the dose exposure to low dose areas decreased
rapidly in proton and carbon ion treatment plans. Concerning the sparing of the eyes

and the brainstem results presented by Kosaki et al [77] were consistent with our study.

79
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Furthermore, mixed modality combinations revealed promising results compared to the
IMXT+IMXT option. As shown in Figure .11k, the dose exposure of organs at risks
was reduced, when light ion boosts were used in combination with IMXT as the initial
technique. Particularly, with the carbon ion boost a dose reduction was obtained for
the brainstem, the eyes and the optical nerve.. The "MARCIE Trial” study by Combs
et al [53] investigates the benefits of carbon ion boosts in combination with photon
radiotherapy in terms of the progression-free survival rate as the primary endpoint and
the overall survival, safety and toxicity as secondary endpoints at HIT in Heidelberg.
The clinical study started in the year 2010. However, it was shown in Figure 3.11p,
that the combination of sole treatments with protons and carbon ions was superior to
the combinations with IMXT as initial treatment in terms of the primary OAR sparing.
Consequently, the present study and other comparisons of light ion beam and IMXT

irradiation favour the use of sole particle therapy approaches [78], [79].

Additionally, the light ion treatment plans revealed to be superior to IMXT in terms
of secondary contralateral organs . In more detail, IMPT showed even slightliy
better results than '2C, when the ”Dose at Volume”-parameters were compared. This
might be resulting from the fragmentation tail of the carbon ions, which caused higher
doses at the distal edge of the tumor extending to the contralateral hemisphere of the
brain. All of the ”Dose at Volume”-parameters revealed statistical significances and an
improved dose sparing. The anatomical structure of the contralateral brain hemisphere

confirmed this assumption due to the less integral dose of IMPT, when compared with

e G,

On the contrary, the high dose treatment of atypical or malignant skull base meningiomas
was associated with a high dose exposure to the optical pathway and probably related
to a significant risk of side effects [80]. This concerned organs of which a large extent of
their volume are located within the PTV, such as the ipsilateral optical nerves and the
chiasm and . They revealed relatively equal doses in all treatment techniques

with no significant difference.

The results of the pituitary gland were similar to the chiasm as a consequence of the
comparable localized anatomical vicinity to the PTV (3.10]).

In 2010, Combs et al [81] initiated a study about carbon ion therapy for high-risk
meningiomas. In this study '2C was conjuncted with fractionated stereotactic radiation
therapy and IMXT in order to perform dose escalation with more than 60 Gy(RBE). The
aim was to obtain a control of the local tumor recurrences due to a high conformity and
homogeneity of the target volume with carbon ion therapy. Additionally, a reduction of
the integral dose in normal tissue to reduce long term side effects was expected. Both, the

increased control rates and the integral dose reduction had already been demonstrated in
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previous studies [82, 83 84, B5]. Combs at al treated 8 patients with 2C in conjunction
with IMXT as primary radiation therapy and 2 patients as re-irradiation. The carbon ion
therapy was applied with a median dose of 18 Gy(RBE) and IMXT with 50.4 Gy(RBE).
The two former irradiated patients received a reduced IMXT dose. After the primary
radiation therapy an actuarial local control of 72% at 5 years and 58% at 7 years were
obtained. The 2 re-irradiated patients developed tumor recurrences at 10 and 67 months
after the treatment [81]. In Figure the tumor control is illustrated by the progression-

free survival in the 10 patients.
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FIGURE 4.1: Progression-free survival curve [81]

The promising results from the Combs study are complementary to the results of the
present study and the superior characteristics of >C, when compared to IMXT and
particularly IMPT contributes to further considerations concerning the application of

ion beam therapy in clinical studies.

Additionally, it is important to note that in the present study the beam arrangements
of particle beam therapy plans were limited to a horizontal beam delivery. The focus of
a horizontal beam line only was motivated by the fact that no gantry will be available
in the start up phase of the MedAustron facility. Nevertheless, high PTV coverage
and good OAR sparing were obtained using carbon ions or protons for the treatment.
A gantry system would enable additional degrees of freedom and possibly lead further
improvement due to the higher flexibility to radiate even difficult localized anatomical
regions [86, [77]. However, the realization of a gantry for light ion therapy bears several
difficulties, for example, a more complex search for the optimal beam configuration.
But particularly, if the tumor extends mainly along the beam directions, the benefits
could be significant, when compared with fixed horizontal beam delivery systems [77].
Consequently, a gantry for light ions would be a promising consideration to replace fixed

particle beam lines in the future. Many gantries for proton therapy are already existing,
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but for carbon ion therapy only one gantry exists at the HIT in Heidelberg. Solving
technical challenges like the massive construction and geometrical aspects which are
needed to be considered to realize a carbon ion therapy with a rotating gantry device

are the tasks for the next years.
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Appendix

D 2% [Gy(RBE)] p D 50% [Gy(RBE)] p D mean [Gy(RBE)] p
Mean value | Standard deviation Mean value | Standard deviation Mean value | Standard deviation
Eye c IMXT+IMXT 8.19 3.63 4.22 2.09 4.47 2.19
IMXT+IMPT 5.99 2.69 S 2.91 1.10 S 3.10 1.24 S
IMXT+12C 5.76 2.34 S 2.89 1.08 S 3.05 1.18 S
IMPT+IMPT 3.17 6.25 S 0.73 1.58 S 0.89 1.99 S
12C+12C 1.34 2.46 S 0.25 0.27 S 0.27 0.48 S
Eye i IMXT+IMXT 38.61 20.63 19.66 22.01 20.77 19.77
IMXT+IMPT 35.61 21.35 S 16.56 21.21 S 17.90 19.14 S
IMXT+12C 33.71 21.50 S 16.39 21.33 S 17.42 19.18 S
IMPT+IMPT 30.10 24.78 S 9.40 16.66 S 10.85 15.06 S
12C+12C 20.64 28.35 S 8.51 17.58 S 8.98 16.22 S
Brainstem IMXT+IMXT 66.79 4.60 43.77 11.04 43.47 8.78
IMXT+IMPT 64.85 4.27 S 36.85 9.24 S 37.86 7.7 S
IMXT+12Ca 63.53 5.26 S 35.24 8.28 S 36.40 7.36 S
IMPT+IMPT 63.83 5.08 S 19.27 17.74 S 23.49 12.57 S
12C+12C 61.57 7.47 S 11.74 10.42 S 18.29 9.63 S
Cerebellum IMXT+HIMXT 53.90 15.28 11.35 7.26 16.00 8.07
IMXT+IMPT 50.23 16.48 S 8.38 5.14 S 12.82 6.22 S
IMXT+12C 47.64 16.79 S 8.39 5.21 S 12.59 6.24 S
IMPT+IMPT 43.45 23.46 S 0.16 0.06 S 4.64 4.27 S
12C+12C 34.09 26.85 S 0.35 0.48 S 3.37 3.71 S
Optical Nerve ¢ | IMXT+IMXT 43.77 23.75 24.93 19.27 25.31 16.02
IMXT+IMPT 41.86 23.49 S 21.79 20.28 S 22.26 16.39 S
IMXT+12C 41.43 24.49 S 21.76 20.53 S 21.81 15.93 S
IMPT+IMPT 39.88 22.05 15.59 25.54 S 17.23 19.56 S
12C+12C 37.27 25.70 S 18.80 25.89 S 18.13 19.40 S
Optical Nerve i | IMXT+IMXT 65.53 14.54 61.91 16.26 59.63 15.88
IMXT+IMPT 65.83 12.75 61.36 17.21 58.89 15.94
IMXT+12C 65.40 13.51 60.52 17.62 57.83 16.27 S
IMPT+IMPT 65.90 8.26 59.90 20.95 57.41 16.45
12C+12C 64.16 14.49 S 57.35 21.57 53.25 19.46 S
Chiasm IMXTHIMXT 62.01 16.82 54.47 21.35 53.49 20.07
IMXT+IMPT 63.82 14.02 54.43 19.27 53.34 18.19
IMXT+12C 63.61 14.41 55.04 19.28 53.74 18.25
IMPT+IMPT 64.38 8.67 51.21 22.21 49.73 20.19
12C+12C 60.83 15.87 52.07 23.80 49.09 22.58
Hypophyse IMXT+HIMXT 67.98 3.83 63.28 7.73 62.45 7.99
IMXT+IMPT 68.72 2.63 63.97 6.28 63.00 6.69
IMXT+12C 68.66 2.65 63.67 6.55 62.73 7.06
IMPT+IMPT 68.53 0.68 65.82 3.27 64.66 4.26
12C+12C 67.99 1.24 64.21 7.05 62.23 8.80

TABLE 5.1: Averaged dosimetric parameters Dog;, D5, Dinean for selected primary

OAR and the significant differences (depicted by S)

83
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V 20% (%) P V 50% (%) p V 80% (%)
Mean value | Standard deviation Mean value | Standard deviation Mean value | Standard deviation
Eye ¢ IMXT+IMXT 0.63 1.73 0.00 0.00 0.00 0.00
IMXT+IMPT 0.02 0.07 0.00 0.00 0.00 0.00
IMXT+12C 0.00 0.00 0.00 0.00 0.00 0.00
IMPT+IMPT 1.01 3.19 0.00 0.00 0.00 0.00
12C+12C 0.00 0.00 0.00 0.00 0.00 0.00
Eye i IMXTHIMXT 45.54 35.33 21.59 38.02 13.05 27.98
IMXT+IMPT 38.91 41.40 19.62 37.50 10.56 22.17
IMXT+12C 37.66 42.05 S 18.92 37.39 10.61 22.37
IMPT+IMPT 23.62 32.56 S 13.27 24.30 6.57 13.39
12C+12C 19.38 33.85 S 12.76 25.04 6.91 15.47
Brainstem IMXT+HIMXT 97.65 3.16 66.73 19.82 31.69 20.42
IMXT+IMPT 95.16 5.41 S 54.25 19.59 S 20.79 14.24
IMXT+12Ca 94.95 5.56 S 51.75 19.96 S 15.91 12.33
IMPT+IMPT 50.36 23.63 S 32.55 20.57 S 17.61 15.11
12C+12C 39.68 20.39 S 23.18 15.20 S 11.37 10.09
Cerebellum IMXT+IMXT 40.16 23.35 13.79 11.27 4.30 4.69
IMXT+IMPT 31.39 18.84 S 8.67 7.01 S 3.21 3.90
IMXT+12C 31.26 18.97 S 8.29 7.06 S 2.54 3.51
IMPT+IMPT 10.07 8.66 S 5.78 5.99 S 3.07 3.96
12C+12C 6.85 7.00 S 3.91 4.56 S 2.30 3.31
Optical Nerve ¢ | IMXT+IMXT 67.08 27.92 25.35 31.85 15.60 24.49
IMXT+IMPT 50.45 30.10 S 21.96 30.72 S 13.77 24.27
IMXT+12C 49.24 30.50 S 21.33 29.10 S 13.46 23.67
IMPT+IMPT 37.10 31.76 S 20.76 32.91 13.71 27.42
12C+12C 35.34 34.17 S 21.72 33.84 14.46 26.39
Optical Nerve i | IMXT+IMXT 96.08 12.40 89.45 31.45 80.67 29.68
IMXT+IMPT 94.80 30.10 88.664 31.296 77.925 30.028
IMXT+12C 94.41 17.67 87.57 31.08 74.63 30.91
IMPT+IMPT 93.93 18.88 86.54 25.57 75.37 30.29
12C+12C 86.22 25.82 78.30 31.10 S 70.94 32.01
Chiasm IMXT+IMXT 91.62 25.80 82.93 34.37 64.30 43.77
IMXT+IMPT 94.37 16.43 82.831 33.297 63.495 42.342
IMXT+12C 95.00 13.13 83.17 33.40 64.66 42.21
IMPT+IMPT 88.05 18.16 72.15 37.86 61.28 41.18
12C+12C 80.38 31.23 71.01 40.08 63.84 39.82
Hypophysis IMXT+HIMXT 100.00 0.00 98.12 4.16 82.22 27.98
IMXT+IMPT 100.00 0.00 98.93 2.13 85.60 21.56
IMXT+12C 100.00 0.00 98.34 3.32 83.89 23.67
IMPT+IMPT 100.00 0.00 99.95 0.15 92.41 13.03
12C+12C 99.32 2.04 95.02 9.97 85.59 26.47

TABLE 5.2: Averaged dosimetric parameters Vogy, Vo, Vegy for selected primary
OAR and the significant differences (depicted by S)

D 2% [Gy(RBE)] p D 50% [Gy(RBE)] p D mean [Gy(RBE)] P
Mean value | Standard deviation Mean value | Standard deviation Mean value | Standard deviation
Brain ¢ IMXT+HIMXT 51.37 15.34 6.25 3.89 11.84 4.76
IMPT+IMPT 33.02 23.28 S 0.13 0.03 S 2.14 1.59 S
12C+12C 30.32 22.55 S 0.25 0.19 S 2.30 1.66 S
Braini | IMXT+IMXT 68.47 6.16 32.45 13.63 32.18 9.70
IMPT+IMPT 65.07 10.09 S 5.64 4.85 S 15.59 6.46 S
12C+12C 61.15 20.65 4.07 3.66 S 13.22 6.29 S
Cochlea ¢ | IMXT+IMXT 24.39 6.91 23.26 6.57 23.11 6.65
IMPT+IMPT 0.85 1.50 S 0.73 1.19 S 0.65 1.14 S
12C+12C 3.42 3.65 S 2.60 2.50 S 2.59 2.65 S
Cochlea i | IMXT+IMXT 59.59 21.26 57.85 21.29 57.80 21.25
IMPT+IMPT 59.99 21.24 58.58 21.01 58.47 20.98
12C+12C 57.34 21.22 54.47 21.05 54.26 20.90
Hippo ¢ | IMXT+IMXT 33.24 16.87 17.14 6.17 18.03 7.61
IMPT+IMPT 14.74 22.26 S 1.61 2.91 S 3.24 5.81 S
12C+12C 17.63 23.39 S 2.72 3.15 S 4.48 5.87 S
Hippoi | IMXT+IMXT 68.75 2.34 54.05 13.57 53.39 12.31
IMPT+IMPT 65.89 3.79 45.18 22.63 45.15 19.64
12C+12C 64.48 5.91 40.39 26.00 S 41.28 21.42 S
Hypoth ¢ | IMXT+IMXT 49.34 17.72 42.87 16.15 42.56 16.05
IMPT+IMPT 35.55 24.63 S 24.58 22.05 S 25.24 21.68 S
12C+12C 35.24 25.72 S 22.84 23.05 S 23.78 22.36 S
Hypoth i | IMXT+IMXT 57.47 14.06 51.43 12.42 51.38 12.31
IMPT+IMPT 52.75 19.31 44.10 20.71 43.97 20.01
12C+12C 51.08 21.98 38.90 23.06 S 39.36 21.82 S

TABLE 5.3: Averaged dosimetric parameters Dog, D5gog, Dinean for selected secondary
OAR and the significant differences (depicted by S)
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V 20% (%) p V 50% [%)] p V 80% (%] p
Mean value | Standard deviation Mean value | Standard deviation Mean value | Standard deviation
Brain ¢ | IMXTH+IMXT 28.40 12.30 6.25 3.89 2.92 2.96
IMPT+IMPT 4.24 23.28 S 0.13 0.03 S 1.10 1.14 S
12C+12C 3.57 2.97 S 1.89 1.75 S 1.06 1.06 S
Brain i IMXT+HIMXT 67.84 16.83 48.10 19.82 22.72 11.51
IMPT+IMPT 31.10 13.09 S 19.11 8.47 S 12.92 6.53 S
12C+12C 23.35 11.28 S 15.70 8.42 S 11.00 6.58 S
Cochlea ¢ | IMXT+IMXT 90.00 31.62 0.00 0.00 0.00 0.00
IMPT+IMPT 0.00 0.00 S 0.00 0.00 0.00 0.00
12C+12C 0.00 0.00 S 0.00 0.00 0.00 0.00
Cochlea i | IMXT+IMXT 90.00 31.62 90.00 31.62 75.81 42.04
IMPT+IMPT 90.00 31.62 90.00 31.62 85.56 33.15
12C+12C 90.00 31.62 88.97 31.43 61.36 49.39
Hippo ¢ | IMXTH+IMXT 68.09 27.66 7.04 14.06 1.81 3.92
IMPT+IMPT 7.14 15.21 S 2.91 6.62 0.78 2.18
12C+12C 7.61 15.32 S 2.77 5.95 0.99 2.27
Hippoi | IMXT+IMXT 95.65 8.80 84.28 20.44 60.37 30.91
IMPT+IMPT 81.55 20.85 S 68.42 30.90 51.72 40.12
12C+12C 75.32 27.34 S 63.50 35.01 S 46.09 39.29
Hypoth ¢ | IMXT+IMXT 99.73 0.84 72.49 40.85 31.37 43.88
IMPT+IMPT 53.14 47.44 S 30.18 40.43 S 18.11 35.15
12C+12C 42.48 44.39 S 31.63 44.95 S 19.33 36.91
Hypoth i | IMXT+IMXT 100.00 0.00 90.00 31.62 44.37 37.11
IMPT+IMPT 93.95 13.41 66.57 44.34 43.28 43.89
12C+12C 74.27 43.03 57.51 42.82 S 37.94 42.53

TABLE 5.4: Averaged dosimetric parameters Vogy, Voo, Vsaoy, for selected secondary
OAR and the significant differences (depicted by S)
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