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Abstract

This thesis discusses a variety of treatment methods for lung cancer using flattened
and unflattened photon beams. Therefore, treatment plans for volumetric modulated
arc therapy (VMAT) and dynamic conformal arc therapy (DCAT) using flattened and
unflattened photon beams were generated using the treatment planning system Monaco
5.00.04 (Elekta AB, Stockholm, Sweden). For every treatment method two different
dose prescriptions, following an in-house stereotactic body radiation therapy (SBRT)
protocol as well as recommendations according to the ICRU 83 report, were applied.
All plans were generated for ten different patients recently treated at the Medical Uni-
versity of Vienna as well as for an in-house developed breathing phantom and were
compared to the clinically used unflattened 3D conformal radiation therapy (3D-CRT)
plans which were generated with the treatment planning system Oncentra (Elekta AB,
Stockholm, Sweden).

For four patients with the tumor in the left lung and for the phantom itself, all plans
were irradiated to the breathing phantom. Thereby, it was possible to determine the
influence of the interplay between target motion and the leaf-motion of the multi-leaf-
collimator and the thereby induced change of the target dose. The in-house developed
breathing phantom used for this study, called ARDOS, consists of tissue-equivalent
solid water, bone equivalent tissue (to simulate the ribs) and lung-equivalent high den-
sity balsa wood. This phantom enables the simulation of chest motion, rib motion as
well as longitudinal and rotational tumor motion. For the determination of the inter-
play effect, the plans were irradiated to the phantom without phantom motion, with
longitudinal tumor motion and with a combination of longitudinal and rotational tumor
motion.

Due to their high spatial resolution in two dimensions radiochromic films, in detail
GAFChromic EBT3 films (Ashland ISP, Wayne, NJ), were used. These films provided
an optical dose range of 0.2 to 10 Gy and a dynamic dose range of up to 20 Gy.

Evaluation of the treatment plans showed that the SBRT VMAT plans provided best
dose conformity and organ at risk sparing, compared to the other plans. In contrast,
due to the higher prescribed doses, all ICRU plans exhibited a worse dose conformity
and higher doses to the organs at risk. The comparison also showed that no significant
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differences concerning dose coverage, dose conformity and dose to the organs at risk
occurred for flattened and unflattened treatment plans. The main difference was the
substantial reduced beam-on time for unflattened treatment plans. Furthermore, the
beam-on time was reduced by the use of 3D-CRT treatment plans compared to VMAT
plans which was caused by the highly significant increase of monitor units for VMAT
plans.

The measurements showed that for the used dose range of 15-27 Gy the use of the
green channel led to a more accurate dose determination than the red channel.

The evaluation of the interplay effect on realistic tumor motion and no tumor motion
showed the lowest influence on the mean dose of 2-3 % for 3D-CRT and DCAT plans,
with the 3D-CRT exhibiting a reduction of the mean dose to the target and the DCAT
plans an respective increase. In contrast to that, VMAT plans showed an increase of
the mean dose by 5-7% due to the interplay effect. However, it has to be mentioned
that the uncertainty of measurement was estimated to be approximately 5% due to the
use of the films at the limits of their dose range.

Since the improvements of treatment plan quality of SBRT VMAT plans were not
significant, the SBRT 3D-CRT plans provide the optimal type of therapy due to the
shortest beam-on time and the lowest influence of the interplay effect.



Kurzzusammenfassung

Diese Arbeit diskutiert verschiedene Bestrahlungsmethoden fiir Lungentumore unter
der Verwendung von Photonenstrahlen mit und ohne Ausgleichsfilter (FF und FFF).
Dafiir wurden Bestrahlungsplédne fiir volumenmodultiere Strahlentherapie (VMAT) und
dynamisch konforme Strahlentherapie (DCAT) fiir FF und FFF Photonenstrahlen mi-
ttels dem Monaco 5.00.04 (Elekta AB, Stockholm, Sweden) Planungssystem generiert.
Zusétzlich wurden fiir jede Bestrahlungsmethode zwei verschiedene Dosisverschreibun-
gen, folgend einem internen Protokoll fiir stereotaktische Strahlentherapie am Korper
(SBRT) und den Empfehlung des ICRU 83 Reports, verwendet.

Alle Plane wurden fiir zehn verschiedene Patienten, welche kiirzlich an der Medizinischen
Universitdt Wien behandelt wurden, und fiir ein intern entwickeltes Atmungsphantom
generiert und mit den klinisch verwendeten 3D konformalen Strahlentherapieplanen (im
FF-Modus), welche mit dem Oncetra (Elekta AB, Stockholm, Sweden) Planungssystem
generiert wurden, verglichen.

Fiir vier Patienten, mit dem Tumor in der linken Lunge, und fiir das Phantom selbst,
wurden alle Plane auf das Atmungsphantom abgestrahlt. Das intern entwickelte At-
mungsphantom, genannt ARDOS, besteht aus gewebedquivalentem festem Wasser, kno-
chenéquivalentem Gewebe (fiir die Simulation der Rippen) und lungedquivalentem Bal-
saholz hoher Dichte. Dieses Phantom ermdéglicht die Simulation von Brustkorbbewe-
gung, Rippenbewegung und longitudinaler und rotierender Tumorbewegung. Dadurch
war es moglich den Interplay-Effekt zwischen der Tumorbewegung und der Lamellen-
bewegung des Multilammelenkollimators und die dadurch verursachte Anderung der
Tumordosis zu untersuchen. Dafiir wurden die Pline auf das Phantom ohne Bewegung,
mit longitudinaler Tumorbewegung und mit einer Kombination aus longitudinaler und
rotierender Tumorbewegung abgestrahlt.

Aufgrund der hohen raumlichen Auflésung in zwei Dimensionen wurden Radichrom-
Filme, im speziellen GAFChromic EBT3 Filme (Ashland ISP, Wayne, NJ), verwendet.
Diese Filme haben einen optimalen Dosisbereich von 0,2 bis 10 Gy und einen dynami-
schen Dosisbereich bis zu 20 Gy.

Die Evaluierung der Bestrahlungspline zeigte, dass SBRT VMAT Pléne die beste Kon-
formitét der Dosis ermdglichen und die Risikoorgane bestmdogliche aussparen, im Gegen-
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satz zu den andern Plinen. Im Vergleich dazu wiesen alle ICRU Pléne eine schlechtere
Konformitét der Dosis und eine héhere Dosis der Risikoorgane auf, verursacht durch
die hohere verschriebene Dosis. Zusétzlich zeigte der Vergleich, dass keine signifikanten
Unterschiede beziiglich der Dosis Abdeckung, Konformitit und Dosis der Risikoorgane
zwischen FF und FFF Bestrahlungsplinen auftreten. Der hauptséchliche Unterschied
war die wesentliche Verringerung der beam-on Zeit fiir FFF Plane. Zusétzlich konnte die
beam-on Zeit durch die Verwendung der 3D-CRT Bestrahlungspline statt der VMAT
Pléne, aufgrund der sehr signifikanten Erhéhung der Monitor Einheiten fiir VMAT
Plane, reduziert werden.

Die Messungen haben gezeigt, dass fiir den verwendeten Dosisbereich von 15-17 Gy,
der griine Kanal genauere Ergebnisse fiir die Bestimmung der Dosis lieferte als der rote
Kanal.

Die Evaluierung des Interplay-Effekts fiir realistische Tumorbewegung und keine Tu-
morbewegung zeigte den kleinsten Einfluss des Effekts auf die mittleren Dosis von 2-3%
fiir 3D-CRT und DCAT Pline. Wahrend die Dosis der 3D-CRT reduziert wurde, wurde
die Dosis der DCAT Pléne erhoht. Im Vergleich dazu zeigten die VMAT Pléne eine
Erhohung der mittleren Dosis von 5-7 % aufgrund des Interplay-Effekts. Jedoch muss
erwihnt werden, dass aufgrund der Verwendung der Filme am Limit des Dosisbereichs,
die Messunsicherheit auf etwa 5% geschitzt wurde.

Da die SBRT VMAT Pline keine signifikante Verbesserung der Bestrahlungsqualitit
ermoglichen, bieten die SBRT 3D-CRT Pléne optimale Therapie aufgrund der kiirzesten
beam-on Zeit und des geringsten Einflusses des Interplay-Effekts.
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1 Introduction

In the year 2012, 3673 people in Austria died from lung cancer |60] and 4573 were diag-
nosed to suffer from lung cancer [59]. For men, lung cancer is the most common form
of cancer, considering death cases caused by cancer. For women, it is still the second
most common cause of death. It is thus evident that there is still the need to improve
lung cancer therapy.

One important method for lung cancer therapy is radiation therapy. This kind of ther-
apy uses high-energy radiation for cancer treatment. Therefore, accelerated electrons,
protons or heavy ions and additionally, photons can be used. The ionizing radiation is
directly applied to the tumor tissue (while the surrounded normal tissue is best possible
spared) and thereby causes damaging of the DNA or creates free radicals, which also
lead to damages of the DNA and thereby destroys the malign tissue. Due to the fact,
that, on the one hand, radiation therapy primarily affects cells under cell division and,
on the other hand, tumor cells divide faster than other cells, it is possible to destroy
tumor cells without destroying healthy cells. Furthermore, healthy cells which are dam-
aged are able to restore faster.

Based on the detectability of the exact tumor tissue, by the use of computer tomography
or magnetic resonance tomography, high doses can be applied to the well defined lung
tumors. However, lung cancer treatment is challenging due to tumor motion caused by
respiration. This respiration motion can bring the tumor out of the irradiation field
and thereby reduces the treatment quality. Hence, more irradiation fractions are used
(so-called Stereotactic Body Radiation Therapy) to reduce the effects caused by tumor
motion. Another challenging task for radiation therapy is the accurate and reproducible
positioning of the patients. For accurate positioning markers can be place on the pa-
tients, and magks, frames or so-called immobilizations can be used.

Furthermore, there are other cancer treatment methods like surgery, chemotherapy,
medication (e.g. hormontherapy) or a combination of these. The choice of the treat-
ment method depends on the tumor’s location, the nature of the tumor and the tumor
stage.

The tumor is removed by surgery if the tumor has not built metastases and if it is
possible to remove the whole tumor without damaging surrounded healthy tissue. In
addition to surgery, sometimes radiation therapy or chemotherapy is necessary to pre-
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12 CHAPTER 1. INTRODUCTION

vent the recurrence of the tumor. For chemotherapy pharmaceuticals are used which
can be administered orally, intravenously or subcutaneously, thereby damaging cells and
preventing the multiplication of the cell. However, chemotherapy can cause many side
effects; due to the repeated application of the therapy, the quality of the patient’s life
is reduced.

For some tumors the growth is dependent on hormones. Hence the prevention of the
production of the respective hormone can stop the growth but cannot destroy the tumor

[45].

1.1 Physical Background

For photon therapy a high energy photon beam has to be produced out of accelerated
electron beams. Therefore, accelerated electrons are shot at a metal target, whereby two
different types of photon beams are generated. Electrons with an energy high enough to
excite target electrons in the inner shells to higher energy levels can produce so-called
characteristic X-rays. Due to the fact that orbital electrons arrange themselves to be
in a minimal energy state, another electron will take the initial place of the excited
electron. During this process the electron has to lose binding energy, and therefore,
emits characteristic X-ray. The following equation describes the process of an atom
A(Ej) with an electron in the initial energy level E; which is excited to A*(E;), with
the excited electron at the higher energy level E; [13]

Eiin — E]/mn =F,— E} (1.1)
A™(E;) — A(Ek) + hvgg,

If the transition energy from the higher energy level to the lower one is higher than the
binding energy of an electron, the electron can be ionized (Auger effect) [6].

The more important effect is created by the generation of photons due to the deceler-
ation of high-energy electrons. FElectrons which interact with the target material are
either deflected in the Coulomb field of the heavy nucleus, thus emitting their energy
through the emission of a continuous photon beam, so-called bremsstrahlung; or the
electrons can collide with the target atoms and produce some heat which can then lead
to characteristic X-rays due to the excitation of the electrons of the inner shell [13].

The interaction of a photon beam with matter leads to an attenuation of the beam’s
intensity Ip due to photon absorption and photon scattering. This decrease in inten-
sity can be described using the linear attenuation coefficient p which depends on the
absorption coefficient o and the attenuation coefficient pg 6, 13]:

I(z) = Tpe ™ (1.2)

This attenuation coefficient depends on the energy of the photon (E = hr) and the
atomic number Z of the material [6].
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Besides elastic scattering without energy loss (Rayleigh scattering) three other absorp-
tion effects occur. One interaction effect, the photo effect, occurs due to the absorption
of a photon with an energy smaller than 100 keV and the resulting emission of an
electron. Therefore, the energy has to comply with following energy conservation:

Eyin(e™) = hv — (Ejon — Ej) (1.3)

In this relation Eg;, describes the kinetic energy of the emitted electron, E;,, is the
ionization energy, and Ej describes the binding energy of the k' shell. Whereas the
photon effect describes the absorption of a photon within the electron shell, the nuclear
photo effect takes place in the nucleus. For a photon with an energy higher than the
binding energy of the nucleons, the absorption of the photon in the nucleus can take
place. Thus, a proton or neutron is emitted from the nucleus and a radioactive isotope
is created. The energy for the release of a nucleon depends on the atomic number and
the atomic mass [38].
Another photon-matter interaction effect is the Compton effect. This effect describes
the interaction of a photon with an electron in an outer shell and the resulting partial
transfer of energy. Thereby, the scattered photon (hv’) loses some energy and can be
absorbed through the photo effect. The Compton effect can be described using the
following relation:

hv+e~ — e (Egin) + ht/ (1.4)

For photon energies greater than 1 MeV electron-positron pairs can be created [13, 14]:

hv — e  +et +2F, (1.5)

1.2 Biological Background

The application of radiation therapy can be curative but also palliative, in that it can
shrink the tumor and improve quality of life. It can be used pre-operative to shrink the
tumor and enable removal of the tumor by surgery, intraoperative, or post-operative to
prevent repeated occurrence. As already mentioned it can also be used in combination
with chemotherapy to damage the tumor cells as much as possible [4, 41, 45, 71].
Concerning radiation therapy two different methods are in use. Firstly, there is brachyther-
apy for which a radioactive source is directly placed inside the tumor. This source
consists of a titanium or stainless steal capsules which are filled with the radioactive
nuclide, e.g. 37Cs, 192Ir, 9Co, 198 Au and '2°1 [38]. This treatment method is used for
tumors which are reachable via cavities from the outside like the uterus, oesophagus,
tracheae, or prostate. Since irradiation starts after the source is positioned, the tumor is
irradiated with a high dose while the healthy tissue only receives a low dose. However,
only small tumors can be treated by the used of this method.

In contrast to that, the second method, called external beam radiation therapy (EBRT),
uses an external beam for irradiation whose source (described in section 1.3 in detail)
is positioned further away from the tumor. For this type of therapy, the energy for
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the treatment can be delivered by using beams of photons, electrons or hadrons (e.g.
protons, neutrons and heavy ions). The aim of EBRT is to irradiate the tumor tissue
without irradiating surrounding healthy tissue [45].

In this study, EBRT is used for cancer treatment.

Radiation therapy causes damages within the irradiated volume, either by direct or
indirect action. Direct damages induce ionization and excitation of atoms in the irradi-
ated volume, whereas indirect actions ionize or excite other tissue such as, for example,
water molecules, whereby the molecules fall apart and free radicals are produced. Due
to the fact that the free radicals are unstable, they interact with neighboring molecules
and cause damage [6, 38|.

Since indirect damage is predominant in radiation with a low linear energy transfer
(LET), it is the main effect for photon beam therapy [6]. The LET is defined as follows:

“[...] the average energy locally imparted to the absorbing medium by an
electron of specified energy in traversing a given distance in the medium.”
(Podgorsak EB, Radiation Oncology Physics: A Handbook for Teachers and
Students, 2005, p. 25)

The response of cells to radiation therapy depends on several factors, but predominantly
on oxygen. This response develops because free radicals exhibit an unpaired electron
which can easily react with the two unpaired electrons of the molecular oxygen. Thus,
it leads to an increased probability of DNA damage. Some important examples of
increased cell damage caused by oxygen are (R represents an organic molecule and ®
represents free radicals) [6]:

R* 4+ Oy — RO3 (highly toxic)
H* + 0y — HOS (1.6)
HO35 + HO5 = Hy04 (highly toxic) + Oq

The oxygen effect is defined by the oxygen enhancement ratio (OER), which is the ratio
of the radiation dose in total absence of oxygen to the dose in the air needed to achieve
the same biological effect [38].

The main reason for cell damage due to radiation therapy is DNA damage. DNA is
a double-helix molecule which consists of a very long polymer made up of millions of
nucleotides. The nucleotides are composed of the nitrogenous bases (adenine, thymine,
guanine and cytosine) and a desoxyribose unit which is linked to a phosphorus atom.
These bonds between the phosphate and the desoxyribose units keep the DNA together
[46]. The bonds can break due to radiation on one side of the double helix (single
strand break) or on both sides simultaneously (double strand break). Additionally,
base damages can occur due to irradiation [6].

There are multiple mechanisms for detecting and repairing DNA damage. Therefore,
multiple irradiation sequences lead to repeated damages of the DNA, potentially at
nearly the same location, which then increases the probability of cell death. However,
double strand breaks cannot be repaired; in combination with misrepaired damages of
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the DNA (mutations or chromosome damage in the cell), they lead to cell death. Instead
of dying immediately, most of the cell deaths happen after hours, days or weeks of the
treatment. This is caused by the fact that most of the cells undergo cell mitosis and
survive until they have to divide |6, 38].

1.3 Particle Accelerators

Particle accelerators are used to increase the kinetic energy of charged particles. In
radiation therapy, accelerators are used to generate treatment beams (photon beams,
proton beams or beams of heavy ions) at a specific energy level.

Due to the fact that the particles have an energy higher than their rest energy, relativistic
formulas have to be used. The following equation describes the relation between the
total energy E and the momentum p of a particle:

E? = B}, + E} = p*c® + mdc? (1.7)

In this equation, Ey;, represents the kinetic energy, while Eg = mgc? describes the rest
energy using the rest mass mg and c as the speed of light [14]|. Dealing with relativistic
energies, the mass increase plays an important role.

1
mv) _ —y=1+a (1.8)
m
m(v) =7 - mo = ——— (1.9)
-%
p=m(v) -v=mv(l+ ) (1.10)
Ekin
= 1.11
= (1.11)

Equation 1.9 describes the increase of the mass depending on the speed of the particle.
For a speed of 0.99 ¢ the mass equals around 7 times the rest mass mg [12].

For particles (especially for electrons) which have a kinetic energy higher than two
times the rest energy, Eg;n > 2moc?, the increase of the momentum with increasing «
is caused by an increase of the mass due to their nearly constant velocity [14].

There are two kinds of particle accelerators. First, there are electrostatic or direct
accelerators which are constructed using an evacuated tube in which the particles (elec-
trons or positive ions, mostly protons or DV) are accelerated. In this tube the particles
are accelerated from the cathode with a negative or positive potential (depending on
the particle) to the anode which is at ground potential. The kinetic energy of the ac-
celerated particle depends on the charge of the particle q and the applied voltage U
between the electrodes (Ex;;, = q-U). One example of an electrostatic accelerator is the
Van de Graaff accelerator which is composed of a ribbon generator and an acceleration
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tube. This generator enables energy delivery of 5,1 MeV to electrons |2, 14].

Second, there are periodic accelerators. An example of a historically important periodic
accelerator is the betatron, a common accelerator for radiation therapy using electrons.
It can be used for the acceleration of electrons up to 107 eV and is nowadays replaced
by accelerators which enable the acceleration to higher energies.

The betatron consists of a magnet yoke, two toroidal induction coils and a vacuum tube
in which the electron beam is accelerated (figure 1.1). A magnetic field, which changes
with time, induces an electrical field corresponding to Maxwell’s induction law:

aB
tE = —— 1.12
ro = (112)

The circular force lines of the electrical field are oriented in such a way that the electrons
are accelerated. Additionally, the magnetic field holds the electrons on the circular path.
To do that the magnetic field has to comply with the so-called Wideroe- or betatron-
constraint

B(ro) = 5 - (B) (1.13)

which demands that the magnetic field at the orbit has to be equal to half the average
of the magnetic field within the orbit [2, 14].

A

7
% l ay §/3

4

Figure 1.1: Profile of a betatron. 1: magnet yoke, 2: coil, 3: vacuum tube, 4: electron
beam [58]

Another type of accelerator which accelerates particles to very high energies is a syn-
chrotron. Since the energy achieved by using a betatron or a cyclotron is limited due to
the proportional increase of the accelerator’s radius depending on the relation of E;, /B,
the accelerators would get very large. To avoid this a synchrotron uses a high-frequency
electrical alternating field for the acceleration of the particles. Therefor the synchrotron
exists of a toroidal vacuum tube, which is surrounded by a C-shaped magnet yoke and
field coils to force the particles to follow a circular path. For the acceleration cavity res-
onators are used. Due to the increase of the radius with the momentum, the magnetic
field hast to be increased to hold the particles on the circular path [2, 14]:

(1.14)
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Different magnets are used in combination with synchrotrons. Dipole magnets are used
to change the particle’s trajectory; quadrupol- and sextupolmagnets for beam focusing;
kicker magnets to guide the beam out of the accelerator; and wiggler magnets for the
production of synchrotron radiation [2].
In the context of radiation therapy, the linear accelerator (LINAC) is the most im-
portant form of accelerator. It uses electrical alternating fields but, in contrast to the
synchrotron, the particles are accelerated along a linear path. One type of linear accel-
erator is the drift tube LINAC (discontinuous accelerator) which can be used for the
acceleration of protons and heavy ions. The particles drift along a row of field free
cylindrical electrodes (drift tubes) between which a high frequency field accelerates the
particles. Due to the fact that the particle’s energy increases and thereby the particles
move faster, the drift tube’s length (L) has to increase so that the oscillation field ac-
celerates the particle with the same polarity [2, 14]. To accelerate the particles using
the right polarity, half of the high frequency period (%) has to be equal to the time of
flight At [14]:

Z:A7§:£—>L:v-Z (1.15)
2 v 2
Since electrons reach the speed of light very fast, the increase of energy is caused by an
increase of mags. Therefore, the drift tube LINAC cannot be used for the acceleration
of electrons; otherwise the tubes would have to be very long. Hence, traveling wave
(continuous) linear accelerators are used for the acceleration of electrons. For this, an
electromagnetic wave travels through a “loaded waveguide” (cylindrical waveguide with
perforated discs, figure 1.2(a)). For the propagation of a traveling wave, the electrical
field has to have a z-component in the direction of propagation with the same sign as
the electron which has to be accelerated [2]. From this follows that the phase velocity
of the electron and the wave have to be almost equal. This can be achieved through
the adaption of the relation of the aperture diameter to tube diameter (2a/2b in figure
1.2(a)). Due to the movement of the electron with the traveling wave, the electron gains
kinetic energy. At the same time, at the end of the tube the electron leaves the tube
divided in packages with almost speed of light |2, 14].
Other principles for the acceleration of electrons are standing wave accelerators. They
are constructed so that the electromagnetic wave is reflected at the end of the tube.
Thus, a standing wave is built which enables acceleration of the electrons. Due to the
fact that not every cavity carries an electric field, the electrons are accelerated by an
antinode. After this, the electrons move with constant velocity within a cavity. After
passing the cavity, the standing wave has changed and offers another positive maximum
for the acceleration of the electrons [2].
A medical linear accelerator consists of various components, as shown in figure 1.2(b).
The first part of a medical accelerator is the electron gun, consisting of a heated cathode
and a grounded anode. Due to the cathode’s heat, electrons are emitted, accelerated to
the anode, and injected into the accelerating waveguide. The electrostatic field which
accelerates the emitted electrons is supplied from the pulsed modulator to the cathode.
For further acceleration in the accelerating waveguide, microwaves are produced by the
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Figure 1.2: a) Iris-loaded waveguide of an electron-LINAC [23]. b) Components of a
medical linear accelerator [52].

radio frequency (RF) power generator which consists of the RF power source and the
pulsed modulator. The RF power source can be a klystron or magnetron which uses the
acceleration and deceleration of electrons in vacuum for the production of high power
RF fields [52].

For the transport of the accelerated electron beam to the bremsstrahlungs-target, evac-
uated drift tubes, steering and focusing coils, as well as bending magnets are used.
Depending on the LINAC’s arrangement, different electron bending systems can be
used, such as 90°, 112.5° or 270°. Thereby, the electron beam is guided onto the
bremsstrahlung-target, whereby photons (as described in section 1.1) are produced. The
subsequent path of the generated photon beam in the treatment head will be described
in section 1.4 [52|. Despite the bremsstrahlungs-target, the primary collimator, and
the flattening filter, the treatment head consists of various components (figure 1.3 and
1.2(b)). Additionally, there are secondary collimators and jaws, which are adjustable
blocks used to shape the field of the LINAC. For precise tumor irradiation and sparing
of the surrounded healthy tissue, a multi-leaf-collimator (MLC) is used. The MLC con-
sists of leaves of a high Z-material arranged in pairs which continuously move during
treatment to shape the treatment beam. Thereby, treatment quality can be improved.
Furthermore, lead, brass or steel wedges can be placed inside the treatment head. They
enable the productin of a tilt dose profile which can further improve treatment quality
[52].

For LINAC output monitoring, a transmission ionization chamber, which is independent
of temperature and pressure, is placed between the flattening filter and the second col-
limators. This enables permanent monitoring of the beam output during patient treat-
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ment. For additional safety, i.e. to prevent the failure of one chamber, the treatment
head consists of a second, absolutely independent ionization chamber. The ionization
chambers measure monitor units (MU) which are defined as follows [38, 52]:

“The monitor chamber reads 1 MU when 1 cGy is delivered to a point at a
given depth in the phantom with the surface of the phantom positioned so
that the specified point is at the isocenter of the machine and the fields size
is 10 cm x 10 c¢m at the isocenter.” (Mayles P, Handbook of Radiotherapy
Physics - Theory and Practice, 2007, p. 434)

1.4 Flattening Filter Free Photon Beams

With regard to photon beam therapy, two kinds of photon beams have to be distin-
guished. There are flattened photon beams, which are characterized by their flat dose
profile and the resulting uniform dose distribution. Due to the fact that a photon beam,
generated by the bremsstrahlungs-target of low-Z material, has a forward peaked dose
profile, a flattening filter (FF) has to be used. The conically-shaped filter consists either
of a medium- or high-7Z material and is thicker in the center in order to produce the
characteristic flat profile. As shown in figure 1.3(a), the flattening filter is positioned
behind the primary collimator which defines the maximum circular field size through
the conical shape and the absorbing material (e.g. tungsten) [22, 52].
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Figure 1.3: Components of a treatment head for a) flattened and b) unflattened photon
beams. [15]
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Unflattened photon beams have already been in use for several years now. They are
characterized by a pronounced peak which gets more pronounced with higher energies.
The main improvement of using flattening filter free (FFF) photon beams is the higher
dose rate. Thereby, the treatment time can be significantly reduced, whereby the pa-
tient’s comfort can be improved. Especially for lung treatment the reduced delivery
time improves treatment accuracy due to the reduction of tumor displacement during
respiration motion [22, 65].

Unflattened photon beams bring about additional improvements. The lack of the flat-
tening filter reduces photon scattering, whereby the variation of the head-scatter factor
with field size is reduced. Leakage of the treatment head can be reduced up to 65 %
for 10 MV photon beams [33]. Additionally, photon attenuation in the FF leads to a
reduction of energy with increasing distance from the central axis. This effect is called
off-axis softening and can be reduced by using unflattened photon beams. The missing
flattening filter in unflattened photon beams also results in a lower production of con-
tamination electrons. This reduction decreases the variation of the depth of the dose
maximum with field size. The reduction of theses effects leads to an improvement of
calculation accuracy |22, 32].

The missing filter and the thereby softer beam result in a higher surface and skin dose,
especially with regard to small field sizes and low energies. To avoid this, larger field
sizes and higher energies should be used in combination with unflattened beams. Sim-
ilarly, the whole body integral dose is higher for unflattened photon beams and low
energies. This can again be avoided by using higher energies. [22].

The peripheral dose (PD) to surrounded tissue can be divided into three groups. First,
the PD far from the field edge (about 20 cm) is caused by leakage and scatter in the
treatment head. Due to the fact that the lack of the filter decreases leakage and scatter,
the PD can be reduced by 23 % for 6 MV photon beams and up to 31% for 10 MV
photon beams [33]. Second, closer to the field edge, the soft energy spectrum leads to
more patient scatter and, thereby, to a higher a PD. Third, the PD close to the field
edge is again reduced for unflattened beams [22, 33].

1.5 Detectors

There are various types of detectors with partially different functions. Some detectors
only detect the number of particles per time without detecting their energy. Other
detectors allow tracking of the particle’s path. Additionally, there are detectors to
measure the energy of incoming particles, like semiconductor-, scintillation detectors or
ionization chambers [14].

1.5.1 Ionization Chambers

In the context of this study, ionization chambers are used for the detection. They consist
of two electrodes within a gas-filled chamber, between which a voltage is applied.
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Figure 1.4: Different regions of operation for ionization chambers depending on the
applied voltage [35].

An incoming particle interacts with the gas atoms whereby ions and free electrons
are produced. Due to the applied electric field, these charged particles move to the
electrodes. Thereby, a measurable current is created. As shown in figure 1.4, the applied
voltage leads to different operation modes. If the applied voltage is too low, the ionized
particles interact with gas particles of opposite charge, and thus, recombine to neutral
atoms before they can be detected (region I). The second region is the operation region
for ionization chambers. In this so-called saturation region all ions and electrons can be
detected. Further increase of the applied voltage leads to the production of secondary
particles due to additional ionization of the gas. This region is called proportional
region because the detected signal is proportional to the incoming particles. The second
part of region III leads to an increase in the creation of secondary particles whereby
the proportionality is limited. In the fourth region, the voltage is so high that each
incoming particle causes an avalanche of secondary particles so that the detected signal
is not proportional to the incoming particle anymore. This operation mode is called
Geiger-Miiller region. In this region, each particle produces the same signal, independent
of the energy. Finally, a further increase leads to independent gas discharge [14, 38].
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1.5.2 Radiochromic Films

In comparison to ionization chambers, which allow to measure point doses only, ra-
diochromic film enable the measurement of a two-dimensional dose distribution.
Radiochromic films consist of polyester layers enclosing one ore more layers of monomer.
The monomer layer is radiosensitive and due to the impact of ionization radiation a
polymerization reaction is induced. This polymerization results in a coloration of the
monomer layer proportional to the absorbed energy. The polymerization reaction sta-
bilizes after a film-specific time; thereafter the films can be scanned.

Advantages of these films are the tissue equivalent material and the insensitivity to
visible light (but not UV light), compared to radiographic films. Radiographic films
contain silver bromide crystals which induce a chemical reaction when light or ioniza-
tion radiation interact with the crystals. The disadvantage of these films is the need of
a photochemical process to wash off all not affected crystals to get the darkened image.
Similar to radiochromic films the amount of silver left on the film after the photochem-
ical process is proportional to the radiation, however, radiochromic films are sensitive
to light which furthermore complicate the usage |9, 55].

1.6 Computed Tomography

Due to the excellent soft tissue contrast computed tomography (CT) is a good and
common choice for the definition and localization of tumors [52].

In a simplified way it can be explained that during a CT scan a X-ray beam rotates
around the patient (similar to the gantry during radiation therapy) and special X-ray
detectors detect the transmitted beam. Depending on the tissue the X-ray beam is
differently attenuated due to different stopping powers of the tissues (e.g. bone or
lung-tissue). Based on the measured attenuation coefficient a linear transformation to
Hounsfield units (HU) can be made. The various Hounsfield units belong to special
tissue, as for example a HU of -1000 belongs to air, -500 belong to lung tissue, 0 belongs
to water and a HU between 700 and 3000 belongs to bone. This enables an improved
determination of the tissue out of CT density data.

As a result of the CT rotation, 3D volumetric information of the patient can be gained
[42, 52].

During the localization of lung tumors room laser can be used for accurate patient
positioning and marking and additionally, respiration belts are used which enable to
link images with breathing signals. Thereby, 3D-CT scans can be connected to a special
breathing phase which enable the generation of 4D-CT scans including the breathing
phases. This allows the simulation of tumor motion due to respiration.

1.6.1 Cone Beam Computed Tomography

For imaging using a cone beam computed tomography (CBCT) an X-ray source and an
X-ray detector are fixed to the gantry. While the gantry rotates around the patient a
divergent pyramidal- or cone-shaped X-ray beam is radiated through the area of interest



CHAPTER 1. INTRODUCTION 23

and detected by the opposite located flat panel X-ray detector. In comparison to the
previously explained CT, only one rotation around the patient is used for a CBCT due
to the fact that images of the entire field of view are taken [56].

As a result of one scan for the entire field of view the image quality is limited. Thereby,
the main use of CBCT scans are positioning checks and tumor tracking during radiation
therapy.

1.7 Volumes and Margins for Treatment Planning

In preparation for radiation therapy, different volumes are defined and delineated on
the CT scans. These volumes are an important resource for treatment planning.

1.7.1 Gross Tumor Volume

“The gross tumor volume (GTV) is the gross palpable or visible/demonstrable
extent and location of malignant growth.” (ICRU Report 50, p. 6)

The GTV delineates the primary tumor and the possible metastases. Due to the fact
that the GTV defines the volume with the largest tumor cell density it should receive
the highest dose |27, 28].

1.7.2 Clinical Target Volume

“The clinical target volume (CTV) is a tissue volume that contains a demon-
strable 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 50, p. 6)

This volume includes small cell clusters or any malignant cells which cannot be detected
or seen on the CT scan |27, 28]. For patients whose tumor has been removed during
surgery, there is no GTV. As such, only the CTV will be delineated for post-operative
irradiation [29].

1.7.3 Internal Target Volume

The individual scans with the delineated CTVs are superposed and an internal target
volume (ITV), which encloses all CTVs, is generated. Additionally, an internal margin,
which compensates for variations in size, shape, position of the tumor and physiologic
movements, can be added but is not done in the clinic [27]|. For cases where uncertainties
in the CTV location plays an important role, the I'TV is a helpful task to generate a
proper volume for irradiation [29].
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1.7.4 Planning Target Volume

To ensure that the whole ITV receives the prescribed dose, CTV movement due to pa-
tients’ irregular respiration or stirring has to be considered. Additionally, uncertainties
in positioning and variations in the beam geometry have to be considered. Therefore,
the ITV has to be geometrically enlarged, whereby the planning target volume (PTV),
which is the main volume for treatment planning, is created |27, 28|.

1.7.5 Respiration Management

The first methods for the consideration of tumor motion due to respiration are so-
called motion-encompassing methods. For one of these methods a slow CT scans can
be taken which means that CT scans are averaged so that multiple respiration phases
are recorded per slice. Another motion-encompassing method is the inhale and exhale
breath hold CT. For this method two different CT scans are taken. However, it as-
sumes that the patient is able to hold the breath. The last of these methods is the
4D respiration-correlated CT scan and is the method used for the patients within this
study. The process of this method was described in section 1.6.

However, these methods do not consider that the respiration motion can change be-
tween imaging and treatment [3].

The next methods are respiratory gating methods. An example of these methods is
the attachment of reflective markers on the patient’s body. The motion of the attached
markers is than analyzed by a software which controls the linear accelerator [24].
Furthermore, breath-hold methods can be used for respiratory management. One ex-
ample of these methods is deep-inspiration breath-hold which reduces tumor motion
and additionally changes internal anatomy to improve OAR sparing. Active-breathing
control is another method for respiration management for which a spirometer connected
to a balloon valve is used for breath control.

Two other breath-hold methods are the self-held breath-hold method with or without
respiratory monitoring. Using this technique the patient has to hold the breath at somne
point in the breathing cycle during which the dose is delivered.

A different respiration managing method is called forced shallow breathing. During this
method a frame including a plate is pressed against the abdomen of the patient so that
the chest motion and, thereby the tumor motion, can be reduced while the patient can
breath more or less freely [3].

Real-time tumor tracking is another method for managing the respiration motion where-
fore various methods are available nowadays.

The use of any of these methods enables the reduction of the applied margins and,
thereby, reduces the volume to be irradiated, which, in turn allows better organ at risk
sparing.
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1.8 Treatment Methods

For the planning of different treatment methods two different treatment planning tech-
niques, forward and inverse treatment planning, have be distinguished. Using forward
treatment planning, the beam geometry, such as the number of beams, beam angles,
shape, wedges or collimators are defined manually before the calculation of the dose
distribution can be started. The settings are controlled manually until the best possi-
ble distribution is achieved. In contrast to that, inverse treatment planning operates
with defined constraints for the PTV and OARs. The treatment planning system then
calculates the dose distribution depending on the chosen constraints. After the first cal-
culation the constraints can be further adjusted to receive the best possible treatment
plan [61].

1.8.1 3D Conformal Radiation Therapy

Three-dimensional conformal radiation therapy (3D-CRT) uses static beams for treat-
ment planning. Since it is calculated using forward treatment planning, the beam
parameters, such as the number of beams, beam direction, beam weights, collimator
shapes and wedges have to be chosen manually before the dose distribution can be
calculated [48].

1.8.2 Dynamic Conformal Arc Therapy

Dynamic conformal arc therapy (DCAT) enables an irradiation while the treatment
head rotates around the patient. During the rotation the beam is set towards the
center of the tumor while an MLC defines the shape which has to be irradiated. While
the treatment head moves around the patient, the leaves of the MLC are moving to
define the area which has to be irradiated and, thereby, protect the surrounding organs
from being irradiated. In contrast to volumetric modulated arc therapy the beam is
not modulated which reduces dosimetric errors induced by small field. Instead, the field
shape is adapted to the projection of the tumor. [62].

1.8.3 Volumetric Modulated Arc Therapy

Volumetric modulated arc therapy (VMAT) is a treatment method which combines in-
tensity modulation and beam rotation. VMAT is similar to intensity modulated arc
therapy (IMRT enables the modulation of the intensity during treatment) but com-
bines the modulation with the irradiation of any arc length (up to 360 °) around the
tumor instead of separated, static beams. This causes a reduction of treatment time
from approximately 20 minutes using IMRT to around 2 minutes using VMAT. Thereby,
uncertainties caused by organ displacement can be reduced which leads to higher treat-
ment accuracy and an increase in the patient’s comfort.

Similar to the other treatment plans VMAT uses a MLC to adapt the leaf’s position
during irradiation, as well. Furthermore, it is possible to change the dose rate, the field
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configuration, the rotation velocity of the treatment head, and the angle of the MLC to
improve the dose distribution of the planning target volume [43].

1.9 Monte Carlo Simulation

The Monte Carlo (MC) simulation is an accurate method for dose calculation in ra-
diation therapy. It is a stochastic method for solving complex equations (in this case
transport equation) numerically by the use of random numbers [8, 19].

Especially for heterogeneous tissue, MC simulation provides more accurate results than
other calculation methods, such as, for example, the pencil beam method which pro-
vides high quality results in homogeneous tissue (e.g. brain) but overestimates doses
in heterogeneous regions [8]. Since the lung tissue is covered by various tissues, such
as bones (particularly ribs) and air, Monte Carlo simulation is the best choice for the
simulation of the dose distribution for lung tumor treatment.

Monte Carlo simulation combines the simulation of the particles in the treatment head
and the simulation of the particles in the patients. The simulation of the particles path
within the treatment head depends on the bremsstrahlungs-target, the collimators, the
flattening filter, as well as particle absorbance and deviation by the MLC. Furthermore,
electron contamination has to be taken into account. To avoid a full MC simulation of
the particle’s path in the treatment head, a so-called mutli-source-model can be used.
This model consists of two Gaussian-shaped photon sources which are placed near the
bremsstrahlungs-target and the flattening filter, and a uniform electron source. Using
the virtual energy fluence model, the dose can be calculated on the following condition:
the amount of contaminating electrons P, and photons P, is equal to 1, and the amount
of photons P, is composed of the primary Py and scattered photons Pg.

P+ P =1

(1.16)
Py=Py+Ps=1

These equations are the base for the Monte Carlo calculation of the dose distribution
using the virtual energy fluence model [19]. Using this first simulation, the energy, po-
sition, and angle of the impinging particle can be calculated.

As a next step the paths of the particles (histories) within the patient are calculated.
Therefore, the histories of the particles are simulated until the entire energy of the
particle is absorbed or the particle and the secondary particles have left the volume of
interest [19]. Each interaction between the particles and molecules of the tissue changes
the momentum and energy of the particles, and can additionally cause secondary par-
ticles. These interactions are simulated by using a total cross section, which describes
the interaction probability of a particle, and a differential cross section, which describes
the probability of generating secondary particles. For the numerical calculation of the
transport equation defined by the cross sections, random numbers are used.

The accuracy of the simulation can be improved by increasing the number of particle
histories. However, the more particle histories are used for the simulation, the longer
the time of calculation [8, 19].
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1.10 Purpose and Aim

The main ambition of this study was to compare treatment plans for patients with lung
tumors using flattened and unflattened photon beams. Therefore, VMAT and DCAT
plans using flattened and unflattened photon beams were generated for 10 different
patients using the Monaco treatment planning system. For the generation of the treat-
ment plans two dose prescriptions were used. The first dose prescription follows the
clinical protocol for stereotactic body radiation therapy (SBRT) and is already used for
lung cancer treatment. The second dose prescription is the recommended by the ICRU
report 83 and leads to steeper dose-volume-histogram at higher doses. This recommen-
dation allows to cover the target with higher doses and thereby potentially reduces the
interplay-effect.

Generating different Monaco plans allowed for the evaluation of flattened and unflat-
tened photon beams and the comparison of different treatment methods.

All generated plans were compared to clinically used 3D-CRT plans which were in turn
generated with the Oncentra Master Plan (OMP) system by Elekta (Stockholm, Swe-
den). Therefore, the OMP plans were imported to the Monaco system to enable precise
comparison.

For the evaluation of the treatment methods the dose distribution for the PTV and
OARs, and the dosimetric effect of target motion were considered. This so-called inter-
play effect, which depends on the tumor’s motion and the treatment method, has an
influence on the dose coverage of the target. Due to respiratory motion, the tumor can
move out of the irradiation field, whereby the dose to the target can be reduced [63]|. To
investigate this, the treatment plans for four patients were irradiated onto a breathing
phantom which enabled the simulation of respiration motion. For 2-dimensional detec-
tion of the dose distribution a film was placed inside the phantom. To evaluate the
interplay effect, the plans were irradiated onto the phantom without motion and two
different motion types.

Moreover, the dose calculation accuracy of the Monaco treatment planning system was
evaluated by comparing the calculated dose distribution with the measured dose distri-
bution using the static mode of the phantom.
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2 Materials and Methods

2.1 Patient Cohort

For this study ten recently treated patients with lung metastases, in either the left or
the right lung (one with metastases in both sides), were randomly selected. The patients
were treated using unflattened 3D conformal radiation therapy which was planned with
Oncetra Master Plan (Elekta, Stockholm, Sweden).

To evaluate different treatment methods volumetric modulated arc therapy and dynamic
conformal arc therapy plans were generated for flattened and unflattened photon beams
using the Monaco 5.00.04 system. All plans were generated using the SBRT and ICRU
dose prescription which will be explained in detail in section 2.3.3. While treatment
plans were generated for ten different patients, the measurements, described in section
2.7, were done only for four different patients due to the fact that the phantom could
only be used for patients with the tumor in the left lung. Additionally, a complete set
of treatment plans (3D-CRT, VMAT and DCAT) were generated based on the anatomy
of the phantom.

2.2 Treatment Preparation

In preparation for the radiation therapy 4D-CT scans were acquired of each patient.
For treating lung tumors CT scans of five different breathing phases were created using
a breathing belt. The breathing phases were 0%, 50 %, and 100 % in inspiration as
well as 0% and 50 % in expiration. On each of the 5 CT scans a CTV was delineated.
Afterwards the CT scans with the delineated CTVs were superposed, and an ITV,
which included all CTVs and thereby all possible tumor positions during respiration
motion, were delineated. To prevent the tumor from moving out of the irradiation field,
an additional 4 mm margin was added to the ITV. The ITV in combination with the
margin provided the PTV which was the main volume for treatment planning.

2.3 Treatment Planning

All treatment plans within this study were generated using the treatment planning sys-
tem (TPS) Monaco 5.00.04 from Elekta (Stockholm, Sweden). It uses a Monte Carlo
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algorithm for dose calculation and thereby allows an accurate and fast dose calcula-
tion [40]. To improve the accuracy of the photon and electron distribution a virtual
source model using two Gaussian shaped photon sources, which are located close to the
bremsstrahlungs-target and to the flattening filter, and an electron source are used [19].
The size of the calculation grid was chosen to a grid spacing of 3 mm and the statistical
uncertainties of the Monte Carlo simulation were chosen to 1% uncertainty per control
point.

2.3.1 Equivalent Uniform Dose

The Monaco software enables the use of cost functions which consider the biological
response of normal tissue to dose and the biological volume effect. Using a biological
function, the treatment planning software looks at voxel-regions, instead of single vox-
els, due to the fact that a higher dose can be tolerated if less volume is irradiated. The
biological functions use the concept of equivalent uniform dose (EUD) for the calcula-
tion of the biological effect caused by a homogeneous dose which is, in turn, based on
the known inhomogeneous dose [53].

Tissue irradiated with a homogeneous dose D and tissue irradiated with an inhomoge-
neous EUD, which is equal to the dose D, exhibit the same tissue damage. This is the
case because the dose D and the EUD cause the same biological effect [44, 68, 25|. The
equivalent uniform dose can be calculated for normal tissue as well as tumor tissue by
using the tissue specific parameter a:

1

a

]' a
EUD::LVE;DJ (2.1)

In this equation N is the number of voxels and D; is the dose in the it" voxel [68].
Other important parameters concerning dose evaluation of organ at risk (OAR) are
the biological effective dose (BED) and the equivalent uniform dose in 2 Gy fractions
(EQD3). Since some organs are more sensitive to irradiation than others, the BED
defines which effect a specific dose will have on the specific organ at risk. The biological
effect E of a single radiation dose d can be described by a linear quadratic equation
E=(ad + 3d?) which contains the organ specific parameters o and 3 [38]. This implies
that the BED, which is delivered in specified fractions n, depending on the dose d and
the tissue specific ratios o/, can be calculated as follows [37]:

d
BED =nd [1 + 04/6] (2.2)
A more common and practical parameter for clinical use is the biological equivalent
dose. It describes the dose which is equivalent to an irradiation with 2 Gy fractions. It
can be calculated with the use of the BED (equation 2.3) or the use of the total dose
D, and the dose per fraction d, which is shown in equation 2.4 [37]:

BED

EQDy = ——
1+ 73

(2.3)
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(2.4)

BODy = D {dw/ﬁ}

2+ a/p

Both equations include the tissue specific parameter o/ which enables the calculation
of the EQD4 depending on the individual OAR.

2.3.2 Cost Functions

The Monaco treatment planning system generates treatment plans depending on various
cost functions and their chosen parameters. An example for a treatment plan generated
with Monaco is shown in figure 2.7.

All used cost functions and parameters which were used for the plans, generated within
this thesis are shown in appendix A. The position of the cost function in the list of
the IMRT Constraints (figure 2.2) determines the assignment of the voxels. This means
that if some structures overlap, the position of the cost function determines which voxels
belong to which structure. Figure 2.1(a) shows a voxel assignment wherefore the cost
function for the PTV was positioned before the function of the rectum and vice versa
in figure 2.1(b).

The plus signs in the column of Relative Impact state how difficult it is to accomplish
the prescribed isoconstraint. The more plus signs (up to four), the more difficult it is
[57, 36, 17].

Rectum
(a) PTV primary funtction (b) Rectum primary function

Figure 2.1: Layering depending on the position of the cost functions [17].

Structure Cost Function Enabled  Status Manual Weight Reference Dose (Gy)  Multicriterial Isoconstraint  Isoeffect Relative Impact

W [FTV ~ [ Target ELD ® _Jon ] .00 20.500]  44.673
Quadratic Overdose # [on & 0.01 65.000 0.020 0.000
- Lung right ~ | Parallel z on : 0.12 13.400 : 1.00 1.01 e+t
[ | Lung left ~ | Parallel [E2 On ] 0.01 13.400 =] 8.50 7.90
[O|Heart ~ [ serial #_ |on B 0.04 & 5.000 4.993 ++
| Stomach ~ | serial #  Jon B 0.02 ] 5,000 5.016 T
]| Myelon ~ | serial [E2 on O 0.01 =] 3.000 2.988
| Cesophagus ~ | serial # |[on = 0.01 =] 4.500 4.509 +
[|Body ~ | Quadratic Overdose ® _|on H 0.02 30.000 &l 0.400 0.382 +
| Quadratic Overdose #_[on = 0.01 33.800 ] 0.100 0.048
| Quadratic Overdose ¥ |on & 0.23 20.000 & 1150 1.165 Fa

<dick to add a new structure >

Figure 2.2: Example of cost funtions for a VMAT plan.
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Target EUD

The target equivalent uniform dose (EUD) cost function is one of two main cost functions
for PTVs. This cost function is a biological one and can be adapted by choosing the
cell sensitivity value which fits the target structure.

For this function a prescribed dose for the target, between 100 c¢Gy and 15000 cGy,
and, as already mentioned, a Cell Sensitivity value (between 0.10 and 1.00), has to be
chosen. A high cell sensitivity value leads to more target volume being irradiated with
the prescribed dose and vice versa. This may lead to some confusion because a high
cell sensitivity means that the cells are more sensitive to irradiation.

Additionally, optional physical parameters can be activated. The first one, Surface
Margin, can be helpful if the target is near the patient’s surface because it reduces
problems with the dosimetric build-up effect. The second parameter, Optimize over all
vozels in volume, extends the cost function to the total volume of the structure. This
can be useful if there is another structure overlapping the PTV [57, 36, 17].

Target Penalty

The other main cost function is a physical function and is called target penalty cost
function. It allows entering the minimum volume which has to be irradiated, whereby
the probability to reach the PTV coverage increases.

Required parameters for this function are the prescribed dose (Prescription) [Gy| and
the Minimum Volume [%]. Similar to the Target EUD function, a prescribed dose for
the target, between 0cGy and 20000cGy, has to be chosen. In the context of this
cost function, the prescribed dose acts as a minimum dose which has to be reached.
The parameter for Minimum Volume (0 to 100 %) determines the volume which has to
receive the prescribed dose |57, 36, 17].

The physical parameters for this function are the same as mentioned in chapter 2.3.2

Volume

v,

Dose

(a) serial organ [64] (b) DVH serial cost function [17]

Figure 2.3: serial cost function
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Serial Cost Function

The serial cost function should be used for serial organs at risk, for instance, the heart,
myelon or oesophagus. For these organs even a small irradiated volume can lead to the
failure of the entire organ (figure 2.3(a)). Therefore, the serial cost function reduces
even small volumes of hot spots within the serial organ.

The serial cost function depends on an Fquivalent Uniform Dose, which is the variable
isoconstraint for this function and ranges from 100 cGy to 15000 cGy. Another required
parameter is the Power Law Ezponent (k value), which defines the shape of the dose-
volume-histogram (DVH) for the organs at risk. This k value ranges from 1 to 20 and
should be adapted to the serial organ. A small k value results in a smooth curve, which
means that there is a slight decrease of the dose. A large k value, however, results in
a considerable decrease of dose at a certain point. As shown in figure 2.3(b), the serial
cost function reduces the dose at the tail of the DVH curve, to reduce hot spots in the
OARs.

Additionally, there are optional physical parameters like Shrink Margin, Optimize over
all vozxels in volume, and Multicriterial Optimisation. By using Multicriterial Optimiza-
tion, the Monaco system reduces the dose for the chosen organ as far as possible without
reducing the PTV coverage. The physical parameter called Shrink Margin enables to
choose a distance [cm] within the voxels are ignored during optimization [57, 36, 17].

Parallel Cost Function

The parallel cost function is the main function for parallel organs, such as the lung,
liver or kidney, i.e. organs which can be damaged by a certain volume without failing
entirely (figure 2.4(a)).

The required parameter for this function is a Reference Dose (100 cGy to 10000 cGy),
which is the equivalent uniform dose that can be irradiated to the organ without damage.
Since parallel organs can tolerate some partial irradiation damage, the isoconstraint for
this function is the Mean Organ Damage [%]. Similar to the serial cost function, a
Power Law Ezponent (range from 1 to 4) is necessary for this parallel cost function. In
contrast to the serial cost function, a small k value in the parallel cost function means
that volumes with high and low doses are equally weighted, whereas a large k value
leads to a higher weighting of volumes with a higher dose. Figure 2.4(b) shows that
the parallel cost function reduces the dose in the middle of the DVH curve in order to
reduce the volume which is irradiated |57, 36, 17].

Additionally, there are the same Optional Physical Parameters to choose as mentioned
for the serial cost function.

Quadratic Overdose Cost Function

The quadratic overdose cost function enables the limitation of hot spots in the PTV
and OARs. This cost function can be used in combination with one of the previous
functions to limit the maximum dose for the PTV or OAR. This function can also be
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Volume

L4
Dose

(a) parallel organ [64] (b) DVH parallel cost function [17]

Figure 2.4: parallel cost function

used without another cost function to reduce the dose which is exposed to the entire
body. Therefore, more quadratic overdose functions with different maximum doses can
be used for one organ.

This function requires a Mazimum Dose (between 0 Gy and 150 Gy) which works as a
threshold dose. Additionally, a value between 2 and 1500 cGy for the RMS (root mean
square), which defines the acceptable dose range, has to be chosen [57, 36].

For this function there is the opportunity to choose the same optional physical param-
eters as for the previous sections.

Overdose DVH

The overdose DVH cost function limits the volume which receives a specific dose below
a chosen limit. Therefore, the Objective Dose |Gy| and the Mazimum Volume |%)] are
the required parameters. As shown in figure 2.5(a), this cost function controls the DVH
at one point [17]. Within this study this function is used to limit the near-minimum
dose of the ICRU plans.

4 '\

Volume
Volume

'
Dose 4 Dose v

(a) Influecne of the Overdose (b) Influecne of the Underdose
DVH function on the dose- DVH function on the dose-
volume-histogram[17]. volume-histogram[17].

Figure 2.5: DVH curves influcenced by two different functions.
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Underdose DVH

The underdose DVH cost function defines the volume which receives at least a specific
dose. An Objective Dose |Gy| and the percentage of the Minimum Volume |%| which
receives the dose have to be chosen [17]. As shown in figure 2.5(b), this cost function
induces a steeper dose fall-off.

Additional Adjustments

In the context of this study there are two additional sequencing parameters which have
to be considered.

One of these parameters is Segmentation Shape Optimization. Using this parameter,
the Monaco TPS refines the segment shapes and thereby improves plan quality. This
sequencing parameter is used for all VMAT and DCAT plans throughout this study.
The other parameter, called Target Margin, was used mostly for the DCAT plans and
some ICRU plans. It changes the margin around the target and thereby the Monaco
system includes more or less voxels (depending on the chosen parameter) around the
target during optimization. To improve the plans the target margin very tight was
chosen, which means that a margin between 0 mm to 1 mm is used during optimization
[57, 36, 17]. Using this property PTV coverage of DCAT and sometimes VMAT plans
were improved.

Beams

Using the Monaco TPS it is possible to switch between different treatment methods at
the beam dialog box (Delivery in figure 2.6(a)). Furthermore, it is possible to choose
between photon beams of 6 MV and 10 MV (10 MV beams are used within this thesis)
and between flattening filter and flattening filter free photon beams.

Further properties can be adapted in the beam dialog boxes, for example, the Isocenter
Location. Different locations of the isocenter of the beam can be chosen. In this study,
the isocenter was set to Center of PTV .

For each patient the arcs have to be adjusted individually to prevent the irradiation of
organs at risk and thereby reduce the dose. The irradiation through the healthy side of
the lung (side without tumor or metastases) should be avoided. Additionally, an angle
range which is reduced to the necessary range reduces treatment time and thereby re-
duces the chance of tumor displacement.

Due to the arrangement of the hardware (e.g. wires) the gantry cannot irradiate a full
arc and has to be stopped at 180°. Thereby, for some patients, an irradiation range
consisting of two arcs has to be used (e.g. 45-180 and 180-250°). An example of this is
shown in figure 2.6(b).

It is also possible to choose the irradiation direction clockwise and counterclockwise
(shown in figure 2.6(b) at the Dir column), enabling irradiation of one arc twice. This
increases the degrees of freedom, whereby an improvement of the treatment plan can be
achieved. For DCAT plans the irradiation direction was chosen clockwise and counter-
clockwise. Thus, the maximum dose for the PTV increased and additionally achieved
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a PTV coverage of 99% without increasing the lung dose considerably.

For other plans it was possible to irradiate only a small range of the arc twice so that the
PTV conformity can be increased. However, each additional irradiation range increases
treatment time and, thereby, may reduces accuracy.

Using the Monaco TPS it is possible to choose between different collimator angles. Ther-
fore, this thesis considered different collimator angles of 0°, 5°, and 10° and ultimately
proved that for VMAT plans a collimator angle of 90° provides the best coverage and
conformity. The best collimator angle for the DCAT plans, however, varies between 5 °
or 90°.

Beams

- = =

Beam Description Field 1D Visible ~Delivery & Treatment... Modality Algorithm & Energy MU/Fx sSSD{am) gF Isocenterloca... X (cm) ¥ (cm) 7 (em)

1 Dyn. Conformal Ar ~ (VersaE ~ |Photon  ~ |Monte Carlo - [10.0FFF - | 476,45 84,01 | Center of PTV - 867| -17.90 -2.03

z Dyn. Conformal Ar + |VersaE ~ |Photon  + |Monte Carlo - [0.0FFF | esL60 81,16 | Center of FTV - 867 -17.90 -2.03

3 Dyn. Canformal Ar ~ |VersaE ~ |Photon  ~ |Monte Carlo - [100FFF  ~| B0L64 81.16 | Center of PTV - 867| -17.90 -2.03

4 Dyn. Conformal Ar ~ (VersaE ~ |Photon  + |Monte Carlo - [0.0FFF - | 2337 84,01 | Center of PTV - 867 -17.90 -2.03
<dlick to add a new beam:

(a) Beam General Properties: Enable the choice of the treatment method, the modality, the energy, the
algorithm for calculation, and the location of the isocenter.

Beams

- -

Beam Description 55D (cm) Dir Gantry Start Arc Inc Colimator Couch ﬁ Field Margin (tm)  Asym  Widthl{ocm) Width2 {om) Lengthl{cm) Length2 (cm)

1 B84.01|CW - 125.0| ©55.0 30.0 90.0 0.0 | [Aute] - 1.00 X1 20.00 %2 20.00 |2 3.00 Y1 270

2 81.18|CW ~ 180.0| 225.0| 30.0 90.0 0.0 | [Aute] - 1.00 X1 20.00 |¥2 20.00 | Y2 3.50 Y1 3.50

3 81.16 |CCW ~ 45.0| 225.0| 30.0 90.0 0.0 | [Auto] - 1.00 X1 20.00 X2 20.00 | Y2 3.50 Y1 3.50

4 84.01|CCW ~ 180.0| 55.0| 30.0 90.0 0.0 | [Auta] - 1.00 X1 20.00 | X2 20.00 | Y2 3.00 Y1 3.00
<dick to add a new beam>

(b) Beam Geometry: Selectable parameters are the number of beams, the starting point of the gantry
and the arc, the irradiation direction, and the adjustment of the collimator.

Figure 2.6: Screenshot of the beam adjustments in the Monaco software. Depicted are
the general beam properties (a) and the beam geometry (b).

2.3.3 Dose Prescription

The prescribed dose for the plans used in this study was Dp =62.3 Gy in 3 fractions
(20.8 Gy per fraction).

All plans were designed using two different dose prescriptions. The first one was the
clinically used stereotactic body radiation therapy (SBRT) prescription which prescribes
65 % of the dose to 99 % of the PTV. This leads to a dose of 13.5 Gy per fraction and
a total dose of 40.5 Gy. The reason for the use of this dose prescription is, on the one
hand, due to clinical experience and on the other hand, the possibility of the reduction
of the interplay effect caused by the use of more, in detail three, fractions.

In addition, another dose prescription using multiple dose-volume constraints was used
for the treatment plans. ICRU Report 83 [29] states that the use of multiple constraints
leads to more precision in treatment planning. This report stipulates that the near-
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minimum dose Dggo; should reach at least 95 % of the prescribed dose. Similar to that,
the near-maximum dose Dqgy is defined to be less than ideally 107 %, but at least less
than 110 % of the prescribed dose. The median dose Dsgg is defined as Dp +2 Gy. Due
to these constraints, the dose-curve in the dose-volume histogram of the ICRU plans is
shifted to higher doses and exhibit a steeper dose fall-off than the SBRT plans. This
enables the compensation of a drop of dose due to the interplay effect and is the main
reason for the use within this thesis.

In the context of the ICRU prescription, clinical prescription stipulates that at least
a volume of 95 % should receive a dose of at least 95% of the prescribed dose, which
equals a dose of 59,2 Gy. This reduction of the irradiation volume is done because it is
not possible for all patients to irradiate 98 % of the PTV with 95% of the prescribed
dose due to limitation of the planning system and treatment machine.

(b) coronal plane (c) sagittal plane

Figure 2.7: Dose distribution of Monaco planned unflattened SBRT VMAT plans in a)
transverse b) coronal and c¢) sagittal view.
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2.3.4 Evaluation of Treatment Plans

For the evaluation of the treatment plans limits for the doses used for organs at risk were
defined. The maximum dose (Dg 1¢) for the myelon was limited to 5 Gy per fraction
whereas the maximum doses for the esophagus and the stomach were limited to 6 Gy
per fraction. No strict limit was defined for the heart, but the dose per fraction should
be as low as possible.
For the ipsilateral lung an EQDs of 20 Gy, which equals a physical dose of 13.4 Gy,
was limited to an irradiation of maximal 20 % of the lung volume. Compared to the
ipsilateral lung, the contralateral lung should receive a smaller dose. Hence, the EQDs,
which is limited to 20 % of the volume of the contralateral lung, is reduced to 5Gy
(physical dose of 5.3 Gy).
To evaluate the dose to the tumor tissue, the near-minimum, near-maximum and median
dose of the PTV were compared. In addition, the median dose of the I'T'V was considered
because it should get the highest dose.
In order to compare the plan quality of the treatment methods in detail, the conformity
index (CI) of the treatment plans was calculated. The conformity index results from the
quotient of the volume of the target covered by the prescribed isodose (TV pry) squared
and the volume of the target (TV) multiplied with the volume of the prescribed isodose
(PIV) [50]:
o TVEy

TV - PIV
For a perfect match of the dose to the target, the conformity index would have the value
1, which means that 100% of the target volume is irradiated. Whereas a conformity
index of 0.60 specifies that 60% of the target is irradiated. The lower the CI, the less
conformity the plan has. Using this index the overtreatment is evaluated as bad as the
undertreatment [50].
Due to the fact that different dose prescriptions are used for the treatment plans,
the CI is calculated for different isodoses: as such, Clgse;, =59.2 Gy, Clggy, =49.84 Gy,
Clgs, = 40.5 Gy, Clgge, = 31.2 Gy and Clyge; =24.9 Gy. This enables the comparison of
the plan quality of all treatment plans despite their different dose prescriptions.
To highlight the differences of the treatment methods, the average and standard de-
viation of DVH-curves for the individual plans were calculated and plotted using a
MATLARB script. Thereby, treatment methods were compared using their DVH-curves.

(2.5)

2.4 Breathing Phantom

For the measurements an in-house developed breathing phantom called ARDOS (Ad-
vanced Radiation Dosimetry System) was used. This phantom enables the simulation
of the patient’s respiration motion during radiation therapy.

The phantom consists of different components of tissue-equivalent materials. As de-
picted in figure 2.8(a) the outer part of the phantom is a conical torso consisting of
tissue-equivalent solid water with a density of 1.05g/cm3. The conical shape simulates
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the motion of the chest during respiration. The “ribs”, which are made of bone equiv-
alent tissue (1.4g/cm?®), are positioned underneath this cylindrical torso. The inner
cylinder, which represents the lung, is made of lung-equivalent high density balsa wood
(0.3g/cm®) and tissue-equivalent solid water [30, 31]. A tomographic picture, which
illustrates the different materials, is shown in figure 2.8(b).

conical torso for simulation
of chest motion

.

|
.
m
2
i
2
m

I Hlx“ﬂ“"ﬂ

tumor cylinder

(a) Components of the phantom. (b) Tomogram

Figure 2.8: Setup of the ARDOS breathing phantom: a) shows the different components
of the phantom and b) shows a tomographic picture of the phantom which illustrates
the different materials, such as ribs. [30, 31|

For the detection of the radiation, cylindrical tubes are cut out of each sides of the balsa
wood. Inside this cylinder, detectors are placed in another cylinder. Various detectors,
such as thermoluminescence dosimeters, pinpoint ionization chambers and films can be
used. Due to their spatial resolution, films were used in this study. The cylinder consists
of high density balsa wood and a 2.5 x 2.5cm? cylindrical volume of tissue-equivalent
solid water to represent the tumor. Within this solid water the films were placed as
shown in figure 2.10(b).

To simulate 3D tumor motion, the phantom enables four different motions on the left
side of the lung. The tumor can move up to 10 cm in longitudinal direction (movement
in y-direction in figure 2.9(b)) and can also rotate up to 360 °, whereby movement in x-
and z-direction can be simulated (figure 2.9(a)).

To simulate the chest motion during respiration the phantom provides rib motion up
to 10 cm in y-direction, while the outer cylindrical torso provides movement up to 4 cm
to simulate chest motion.

A combination of the different movements (chest motion, rib motion, longitudinal and
rotational tumor motion) can be simulated using a basic sine wave. Additionally, the
frequency of the motion, which illustrates the breathing rate, can be chosen. Each type
of motion starts from its initial position and moves in one direction [30, 31].

The phantom is operated using an Arduino script where the motion steps of the four
different movements, the breathing rate and the sine wave can be inserted.
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(a) Phantom x and z-direction. (b) Phantom y-direction.

Figure 2.9: Illustration of the breathing phantom.

2.5 Radiochromic Films

Radiochromic films were used within this study because they provide a high spatial res-
olution in combination with little energy dependence and near tissue-equivalence [16].
For this work GAFChromic EBT3 films (Ashland ISP, Wayne, NJ) of the lot number
#04141402 with the expiration date of April, 2016 were used. All films were cut to a
size of 2.5 x 2.5 cm? to fit into the tumor of the phantom. To ensure that all films were
scanned and positioned in the phantom the same way, the films were marked in the
lower right hand corner.

The EBT3 films which were used within this work do not need any chemicals for devel-
opment. Additionally, they do not require a dark room because the are room-light safe.
The optimal dose range for EBT3 films is between 0.2 and 10 Gy, whereat the dynamic
dose range reaches up to 20 Gy.

The film consists of two layers of 125 um matte-polyester enclosing 28 um (can vary
between different lots) of an active layer, consisting of the active component, a marker
dye and other components (e.g. stabilizers). [5].

All films were scanned before and after irradiation using an Epson Perfection V700
Photo scanner which enables reflective scanning. On the one hand, the films were
scanned before irradiation to get a background value, and to get the structure of the
film (potential scratches due to the preparation or inhomogeneities due to the film pro-
duction) on the other hand. To ensure that all films were scanned at the same position
in the scanner, a mask, which positions the film in the middle of the scanner, was used.
After the warm-up of the scanner all films were scanned twice in portrait orientation to
make sure that all films are scanned under the same conditions. The films were scanned
with 48-bit color and a spatial resolution of 150 dpi without any scanner correction.
The irradiated films were scanned around 48 hours after the irradiation due to possible
post-irradiation coloration under the same conditions as the non-irradiated films.
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The scanned data was saved as tagged image file format (tiff) image files and loaded
to ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA) to choose a
region of interest (ROI) of a size of 140 x 140 pixel. Using ImageJ each ROI was split
into a red, green and blue channel.

The chopped data was loaded into a MATLAB script which calculates the net optical
density of all films using the following equation:

netOD'(D;) = logig | —=F 2.6
( J) Iéa:p(Dj) - Ibckzg ( )
where Iimexp and Iéxp are the gray values for unexposed and exposed i’ films and Tperg

is the value of the blank scan, which is equal to 21¢ [16].

For the conversion of the netOD to dose values a calibration curve for dose values
ranging from 1 to 35 Gy in dose steps of 2 Gy was done. For this the films were cut into
a size of 4 x 4cm? and irradiated separately for flattened and unflattened photon beams
with a field size of 10 x 10 cm? and a focus-to-skin distance of 90 cm. Furthermore, each
film was placed between 10 ¢cm of solid water above and 15 cm of solid water under the
film. Using the net optical density and the known dose values, a fitting curve using a
exponential function (equation 2.7) for flattened and unflattened photon beams, each
for the green and red channel, was calculated.

fx)=a-e""4c-et” (2.7)

2.6 Linear Accelerator

All measurements were done using the Elekta Versa HD linear accelerator. This LINAC
enables an irradiation with 6 MV and 10 MV flattened and unflattened photon beams.
The size of the treatment field can be up to 40 x 40 cm?. To shape the photon beam
the LINAC features an MLC counsisting of 160 leaves with a width of 5mm. Compared
to other MLCs, which enable a leaf movement of 20 **, the leaves of this MLC are
able to move with a speed of 35 **. The leaves are positioned on a dynamic leaf guide
which can further improve the speed of the leaf motion up to 65 ™™ [10, 18].

The calibration of the LINAC was done in such a way that for a source-to-surface dose
of 90 cm, a penetration depth of 10 cm and a field size of 10 x 10cm? a dose of 1 Gy
corresponds to 100 MU.

2.7 Irradiation Process

For four patients with the tumor on the left side of the lung and for the phantom itself
the nine different plans were radiated to the breathing phantom. As already mentioned,
films were used for the detection. Figure 2.10(b) shows the cylinder including the tumor
in which the film was placed.

For each patient all plans were irradiated during three different phantom motions. First
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the plans were irradiated to the static phantom without motion. Furthermore, a longi-
tudinal motion of 1 cm and a herein denoted realistic motion, which was a combination
of translateral and rotational tumor motion, was used during irradiation. The realistic
motion was patient specific and reproduced the tumor motion during the 5 CT scans
which were done before treatment planning. To reproduce the tumor motion the x, y
and z-coordinates of the center of CTVs of the 5 breathing phases were compared to the
center of the PTV. Thereby, the movement of the tumor in all three directions, based
on the center of the PTV, which was the isocenter of all plans, was calculated.
Knowing the movement in all directions and the dimensions of the cylinder (figure
2.10(a)) the angle of the rotational motion of the tumor can be calculated using basic
trigonometry.

1,8 cm

d=2,5cm

(a) Dimensions of the lung and tu- (b) Lung cylinder including the tumor for the film
mor cylinder for the calculation of positioning.
the tumor rotation.

Figure 2.10: Dimensions of lung cylinder and tumor cylinder.

As already mentioned in section 2.4, the phantom moves in one direction starting at the
isocenter. Due to the motion of the patient’s tumor in positive and negative y-direction,
the isocenter was shifted for some patients to enable the movement in both directions.
Due to the conical shape of the phantom, this may led to a variation of the thickness
of the material and thereby to a different dose to the target.

As mentioned above, the phantom’s tumor was positioned in the isocenter of the LINAC.
For this a marker was placed on the phantom indicating the center of the tumor. Never-
theless, a CBC'T scan, which checked the positioning, was done at the beginning of each
measurement day. To additionally reduce uncertainties caused by inaccurate position-
ing or daily fluctuations, all measurements of one patient, including static, translateral
and realistic motion, were done on the same day.

The evaluation of the dose distribution of the different phantom movements during ir-
radiation (static, longitudinal and realistic motion) was done by comparing minimal,
maximal, and median dose values derived from film measurement. Due to film defects
at the edges of the film (caused by cutting) the minimum doses were calculated using
the 0.025-quantile. For the evaluation of the dose distribution across the entire film,
2-dimensional plots and line profiles of the different movements were extracted.

To check the output of the LINAC, verification measurements were done on each mea-
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surement day. Doing that, a farmer ionization chamber (Farmer PTW 30006) was
placed between 10 cm of solid water plates above and 15 cm of solid water plates below
the farmer ionization chamber (figure 2.11(b)). Due to the fact that an RW3 solid water
plate had to be used for the positioning of the ionization chamber, a correction factor
had to be considered. A cross calibration of solid water and liquid water identified that
a correction of 1% was necessary. This procedure is based on Seuntjens et al. 2005
“Absorbed dose to water reference dosimetry using solid phantoms in the context of
absorbed-dose protocols”. Thus, 1c¢m of the 10 cm solid water plates above the phan-
tom had to consist of the plate for the ionization chamber, 1 mm of RW3 solid water
and 2mm of the standard solid water plates. Using this setup the ionization chamber
was placed at the center of a 10 x 10cm? field at a focus-to-skin distance of 90 cm.
The chamber had to be connected to an electrometer (PTW Unidos 1) which had to
be adjusted to the ionization chamber #11 “Waterproof 0.6”, to the modus [ Strom
dt, to the measurement range Med 11 nA, and to a voltage of 400 V. For this output
check 200 MU were irradiated using 6 MV and 10 MV flattened and unflattened pho-
ton beams. For the calculation of the dose some values, such as the cobalt calibration
value of the ionization chamber, a conversion factor for cobalt to dose, a correction
factor for temperature and pressure, a correction value for polarity, and a saturation
correction factor are needed. The polarity correction factor depends on the polarity
of the chamber’s voltage which, in turn, depends on the construction of the chamber.
The saturation correction factor is caused by the recombination of charge carriers which
decrease the signal. According to the Bragg-Gray cavity theory the measured Coulomb
value is related to the absorbed dose. Using the previous mentioned factors, partially
obtained from the LINAC calibration, the dose values [Gy| can be calculated following
the TAEA technical report series (TRS) 398.

For the evaluation of the planning accuracy of the software, the measured dose dis-
tribution of the films were compared to the planned dose distribution. To be able to
do this, a quality assurance (QA) plan was recalculated to the phantoms structure.
Thus, the planned dose distribution of the plans, for those patients which were used for
the measurements, were recalculated to the phantom structure. Afterwards a matlab
script, which compared the dose matrices on the basis of the maximum dose values of
rows and columns, respectively was used. Thereby, the dose profiles for the calculated
and measured doses were best possible matched. This enabled the comparison of the
measured and calculated dose distribution by the evaluation of minimal, maximal, and
median dose values. Additionally, 2-dimensional plots of the dose distributions of the
measured and calculated doses enabled the evaluation of the dosimetric accuracy.
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(a) Breathing phantom positioned in home position. (b) Setup of RMI solid water and
RW3 solid water plates for the veri-
fication of the LINAC output using
a farmer ionization chamber.

Figure 2.11: Setup of the breathing phantom and setup for the verification of the LINAC
output.

2.8 Statistical Analysis

The statistical analysis of the calculated dose values, as well as the measured dose values,
were executed using Tukey’s honestly significant difference (HSD) test. Therefore a
MATLAB script, which pairwise compares the honestly significant difference between
two means, was generated.

Using the HSD test, the critical value g4 4 for A groups and an « level of 0.05 (for a
significant difference) and 0,01 (highly significant difference) were taken from a table
of the “Critical Values of the Studentized Range Distribution” [34]. This table lists the
critical values depending on the number of the groups A and the degrees of freedom
(dfe), which was calculated by subtracting the number of groups from the absolute
number of values N. The absolute number of values was defined as the size of the
groups S multiplied with the number of the groups A. Thereby the HSD value can be

calculated as:
HSD = qq.a/ ]\4555'(/1) (2.8)

whereat M Ss(A) is the mean value of the variance of each group.

In the final step the mean values of each group were subtracted from each other. If
the absolute value was greater than the HSD value, the difference was not significant,
whereas if the absolute value of the subtraction was less than the calculated HSD value,
it stated a significant difference [1].

Following this method, a matrix, which compares the mean values of each group, was
obtained.



3 Results

3.1 Dose Distribution

In an initial step the calculated dose distribution of the different treatment plans were
evaluated. Therefore, the generated Monaco plans were compared to the clinically used
3D-CRT treatment plans.

Table 3.1 summarizes characteristic parameters of all treatment plans. For the target
volume the patient averaged physical dose were used, whereas for the OARs the mean
biological dose values were evaluated. The significance of the differences were calculated
using Tukey’s honestly significant difference test (described in section 2.8).

Target Coverage

The comparison of 3D-CRT plans with the other SBRT treatment plans showed that
no significant differences concerning PTV coverage, or dose distribution for PTV and
ITV occurred. Only the flattened SBRT DCAT plans showed a very significant decrease
of the near maximum dose of around 5% and 7% for unflattened and flattened plans,
respectively. Additionally, the unflattened SBRT DCAT plans showed a significant re-
duction of the mean and near min dose. In comparison, the plans calculated using the
dose prescription of the ICRU report 83 exhibited a very significant increase of the dose
to the PTV and ITV, such as, for example, the increase of the mean dose from 51.4 Gy
for 3D-CRT to 63.7 Gy for ICRU VMAT FFF plans. However, the PTV coverage of
the ICRU plans were significantly reduced and only significant different, for the DCAT
plans.

Due to the different dose descriptions, the CI of 95% of the prescribed dose was sig-
nificantly increased for the ICRU plans. Compared to the 3D-CRT plans, the other
conformity indices (Clggy, Clgsy, Clsoy and Clygy) were highly significantly decreased
for all ICRU plans. This decrease of the CI describes a lower conformity for the ICRU
plans. As an example for the reduction of the conformity for the ICRU plans, figure
3.1 illustrates the dose near the isocenter. The red circle delineates the PTV, while the
different colors illustrate different dose ranges as shown in the scale. As an example,
the green area defines the dose range of 65 % of the prescribed dose (equals 40.5 Gy).
For the SBRT plans perfect conformity would be stated with Clgse;, = 1; then the green
area would match with the red line of the PTV.
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Table 3.1: Evaluation of treatment plans compared to the clinically used unflattened 3D-CRT plans: the significant * (p-value < 0.05) and
highly significant ** differences (p-value < 0.01) were calculated using Tukey’s HSD test.

SBRT (Dp — 40.5Gy)

ICRU (Dp — 59.2Gy)

FFE FF FFE FF

3D-CRT VMAT DCAT VMAT DCAT VMAT DCAT VMAT DCAT
PTV coverage [%] 98.6405  99.1+0.1 992402 | 99.1+0.2 99.1+0.2 98.3+0.3 95.740.6™ 98.2+0.2 95.740.7"
PTV(D98%) [Gy|  41.0£0.6  41.7£04  41.8%0.7 | 419407  42.743.2° | 59503  58.320.4" | 59.2£04"*  58.2+0.5°
PTV(D50%) [Gy| 5l1A4+17  51.7+15 49.7£2.0 52.012.6  49.142.1° | 63.7105"  638+11.2 | 637104  62.8+1.3"
PTV(D2%) [Gy|  61.3£1.3  62.0+1.1  58.0+3.1" | 62.7£1.1  57.042.8° | 66.9£1.6™  60.642.27" | 66.8£1.3"*  68.6+2.1°"
ITV(D50%) [Gy]  55.542.6  57.4+14 52.8+4.1 57.0+1.8 52.7+1.9 63.9405  662+1.2 | 64.010.6~  65.4+10.0°
Lung IPS 9.345.4 8.74+4.5 11.245.3 8.744.5 10.945.1 14.546.7  22.1410.8** | 14.346.4 20.4+9.2*
Vaorgp2 [%]
Lung CON 2.943.3 1.240.9 0.140.2 1.3+1.1 0.240.1 2.241.8 1.542.2 2.442.0 1.343.0
Vseqgp2 |%]
Myelon

9.04+5.1 3.241.8 10.145.8 34414 9.5+5.0 5.743.6 16.2414.0 5.643.5 15.0+11.6
Do.1cce@D2 [GY]
Esophagus 10.44+6.4 4.841.6 9.4+5.5 4.7492.1* 8.7+3.5 8.342.5 11.3+4.1 7.843.1 11.14+4.4
Do.1ccegp2 [GY]

1
Heart 0.240.1 0.240.2 0.240.1 0.340.2 0.240.2 0.44+0.3 0.640.4 0.5+0.3 0.640.4
Do.1ccEQD2 [GY]
Heart near tumor 4\ 40 900136 93.4+8.8 18.5+2.2 24.049.6 54.7419.9  46.6+25.3 55.0421.0  39.4+15.6
Do.1icce@D2 [GY]
2

Stomach 20.4 16.2 35.1 18.5 40.0 927.4 72.4 29.7 46.3
Do.1cce@D2 [GY]
Clos 0.1040.05  0.14+0.05  0.06+0.04 | 0.14+0.08  0.03+0.03 | 0.69+0.07"* 0.67+0.07"* | 0.71+0.09"*  0.69+0.08"
Clson 0.57£0.11  0.60£0.09 042+0.14* | 0.60+£0.11  0.38+0.17" | 0.40+0.07"* 0.30+0.04* | 0.4140.07"  0.32+0.06""
Clss 0.68+0.04 0.73+0.06  0.61+0.13 | 0.74+0.06  0.64+0.12 | 0.24+0.05** 0.17+0.03"* | 0.24+0.05"*  0.19+0.04**
Clso% 0.38£0.05 0.37+0.05  0.30+0.07 | 0.39+£0.03 _ 0.30£0.07 | 0.13+0.03"* 0.10+0.02** | 0.13£0.03"*  0.15+0.13""
Clyon 0.23£0.03  0.21£0.03  0.19+0.05* | 0.21+0.03 _ 0.18£0.04* | 0.0840.02"* 0.07+0.01"* | 0.0820.02"*  0.07+0.02"
MU /fx 23541152 418316997  2200+105 | 42254895  2336+201 | 7981+1966° 28631782 | 693311458 27114277

! For four patients the heart was close to the tumor. Hence, the evaluation was divided into “Heart” for those patients with the tumor far from the heart and

“Heart near tumor” for the four patients with the heart close to the tumor.
2 Only for one patient the stomach was in the region of irradiation.

9

SLTINSHY "€ HHLAVHD



CHAPTER 3. RESULTS 47

The conformity indices for 80 % and 40 % of the prescribed dose were very significantly
reduced for the flattened SBRT DCAT plans and significantly reduced for the unflat-
tened SBRT DCAT plans. This is illustrated in figures 3.1(f) and 3.1(g).

Due to the improved conformity and the higher maximum dose for SBRT VMAT plans
in comparison to SBRT DCAT plans, the conformity index Clgyy was highly signifi-
cantly different and the Clgso, was also significantly different for these plans.

The SBRT plans showed the highest conformity index for Clgse, and the indices for
higher and lower doses were reduced. In contrast, the ICRU plans showed best confor-
mity for Clgse; and the indices for lower doses were reduced.

Figure 3.2 shows DVII which illustrate the average of the DVII curves for all patients.
In figure 3.2(a) the dose-volume-histograms of the unflattened SBRT VMAT and SBRT
3D-CRT are illustrated. The figure shows that for the unflattened SBRT VMAT plans
the PTV received a higher dose in addition to the improved dose conformity, which is
shown in figure 3.1(c) and 3.1(d).

Similarly, the averaged dose-volume-histograms of flattened and unflattened SBRT
VMAT plans are shown in figure 3.2(b). It illustrates that there were no differences
concerning the doses to the PTV. The dose-volume-histograms in figure 3.2(c) compare
the dose to the PTV for unflattened SBRT VMAT and DCAT plans. They depict that
the near minimum doses were similar whereas the near maximum doses (D2%) showed
a highly significant difference, with a dose difference of around 5 Gy (for flattened and
unflattened SBRT plans).

The different dose prescriptions resulted in significant differences between SBRT and
ICRU treatment plans. Figure 3.2(d) shows the averaged dose-volume-histograms of
unflattened SBRT VMAT and ICRU VMAT plans. It shows significantly different
dose-curves for the two plans and a higher dose with a steeper dose-fall-off for the
ICRU VMAT plan. This differences in the dose-curve can be seen in all SBRT and
ICRU plans.

Organs at Risk

The comparison of the dose to the ipsilateral lung showed that the volume which received
an EQD?2 of 20 Gy was significantly increased for ICRU DCAT (22.1 % for unflattened
and 20.4 % for flattened) plans compared to 3D-CRT plans (9.3 %), whereas the other
plans showed no significant difference concerning ipsilateral lung dose. These plans were
not clinically acceptable due to the fact that they exceeded the clinical volume limit
of 20%. Comparably, the volume of the contralateral lung receiving an EQD2 dose of
5 Gy showed no significant differences.

Looking at the myelon, there were no significant differences in comparison to the clini-
cally used plans. However, for one patient the flattened and unflattened ICRU DCAT
plans exhibited too much dose to the myelon so that the dose was far above the pre-
scribed dose limit (EQD2 D0.1cc = 57.2 Gy for flattened and 47.9 Gy for unflattened).
The dose to the esophagus was acceptable for all plans and, especially for the SBRT
VMAT plans, it was possible to reduce the averaged dose to 4.84+1.6 Gy for flattened
and 4.742.1 Gy for unflattened plans.
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In order to be able to compare the dose to the heart, it had to be determined whether
the tumor was close to the heart or not. As is shown in table 3.1, there were very signif-
icant differences between the doses depending on the tumor location respective to the
heart. The comparison with the clinically used plans showed no significant differences
for both locations; however, the doses were increased for all ICRU plans.

The honestly significant difference test showed that no significant differences concerning
OARs occurred for flattened and unflattened treatment plans. Furthermore, no signifi-
cant differences for VMAT and DCAT plans were observed.

Despite the very large dose difference in the PTV for SBRT and ICRU VMAT plans,
no significant differences concerning the dose to the lung and organs at risk were found.
However, the average dose to the ipsilateral lung and partially the dose to the myelon
were above the limit, but the differences were not significant. Similar to SBRT plans, no
significant differences between the doses to the organs at risk occurred between ICRU
DCAT and VMAT plans.

Monitor Units

The comparison of all plans with the clinically used plans showed very significant dif-
ferences concerning monitor units per fraction (table 3.1). All VMAT plans (SBRT and
ICRU) exhibited a very significant increase of the required monitor units. The monitor
units for the SBRT VMAT plans were nearly twice as much as the monitor units for the
clinically used plans, whereas the ICRU VMAT plans used monitor units which were
almost four times higher than the used monitor units for the clinical plans.

The monitor units for SBRT VMAT plans almost doubled compared to SBRT DCAT
plans; for ICRU plans the monitor almost tripled for VMAT plans compared to DCAT
plans. Furthermore, the comparison of SBRT and ICRU VMAT plans exhibited a
very significant difference concerning monitor units, whereas no significant difference
occurred for DCAT plans.
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Figure 3.1: Comparison of the dose distribution of the PTV for all treatment methods.
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Figure 3.2: This figure shows dose-volume-histograms which were averaged over all
patients. The continuous line illustrates the average whereas the dotted lines show the
standard deviation. The first plot compares the unflattened SBRT VMAT plans with
the clinically used 3D-CRT plans. The second one compares flattened and unflattened
SBRT VMAT plans and the third plot compares the unflattened SBRT VMAT and
DCAT plans. The last two plots compare unflattened ICRU and SBRT VMAT plans

and unflattened ICRU VMAT and DCAT plans.
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3.2 Measurement Preparation and Consistency Checks

The verification of the LINAC’s output showed that the output of 200 monitor units
using 6 MV flattened photon beams varied about 0.4 % (mean dose = 199.7+0.7 Gy),
whereas the use of 10 MV reduced the output varriation to 0.3 % (mean dose = 199.1+0.5 Gy).
Compared to that, the use of unflattened photon beams reduced the variation to 0.2 %

for 6 MV (mean dose = 198.5+0.4 Gy) and 10 MV (mean dose = 198.0+0.4 Gy) beams.
Due to the highest output variation of 0.4 %, the LINAC’s output can be treated as
stable. The average dose values of the output verification for seven days are shown in
table 3.2.

Table 3.2: For the verification of the LINAC’s output 200 monitor units, which equals
2 Gy, were irradiated to an ionization chamber. Following values are the mean values
of the measurement days.

6MV FF [cGy] 10MV FF [cGy] 6MV FFF [¢Gy] 10MV FFF [cGy]

day 1 199.4 199.0 198.9 198.0
day 2 199.5 199.0 199.0 198.1
day 3 200.0 199.2 198.3 197.6
day 4 200.3 199.3 198.4 198.1
day 5 200.8 199.8 199.0 198.6
day 6 199.3 199.1 198.0 1974
day 7 198.9 198.3 198.2 197.9
mean 199.7 199.1 198.5 198.0
SD 0.7 0.5 0.4 0.4

In preparation for the measurements, a film calibration curve was recorded as already
described in section 2.5. The parameters for the dose calculation were obtained through
the calibration and are listed in table 3.3. Using these parameters, the dose values can
be derived from the measured gray values.

The measured values and the fit curves for the dose channels and beam types are shown
in figure 3.3.
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Table 3.3: Parameter for the conversion of the netOD to dose
[Gy]. Using equation 2.7 and the corresponding parameter de-
pending on the beam type and the channel, the dose can be

calculated.
FF FFF
red channel green channel | red channel green channel
a 0.3711 0.4494 0.3295 0.5087
b -8.377 -11.39 -9.731 -11.06
c 9.44e-05 0.0001522 5.063e-06 4.82e05
d -34.19 -34.02 -42.4 -37.92

. T T T T T T — m
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¥ g
o
T 15 T 15
10 10
5 5
0 I 1 I 1 1 I I 1 0 1 1 1 1 1 I 1 I
-0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0
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Figure 3.3: Fit functions for the film calibration. The black dots illustrate the measured
values whereas the blue line illustrates the fitted function.
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To evaluate the accuracy of the fit curves, the doses of the films which were used for
calibration were calculated using the same process as used for the calculation of the
other films. The comparison of the measured dose values and the actually radiated dose
values showed differences of up to 9.6 % for the green channel (table 3.4)and up to 21 %
for the red channel (table 3.5).

Table 3.4: Comparison of radiated and measured doses, calculated using the green
channel.

FF green channel FFF green channel
ref. dose [Gy| meas. dose [Gy|] deviation [%] meas. dose [Gy| deviation [%)]
15.0 15.1 0.8 14.8 -1.0
17.0 16.0 -5.6 16.1 -5.1
19.0 19.8 4.1 19.5 2.8
21.0 21.7 3.1 20.8 -1.0
23.0 25.2 9.6 24.6 7.0
25.0 25.1 0.2 24.5 -2.0
27.0 28.3 4.9 26.5 -1.9
mean 2.4 -0.2
STD 4.7 3.9

Table 3.5: Comparison of radiated and measured doses, calculated using the red
channel.

FF red channel FFF red channel
ref. dose [Gy| meas. dose [Gy|] deviation [%] meas. dose [Gy| deviation [%)]
15.0 16.2 8.0 14.7 -2.0
17.0 15.1 -11.1 14.9 -12.2
19.0 21.5 13.0 20.1 5.8
21.0 22.4 6.5 19.9 -5.0
23.0 27.8 21.0 25.8 12.1
25.0 24.8 -0.7 23.2 -7.1
27.0 30.1 11.4 25.8 -4.3
mean 6.9 -1.8
STD 10.3 8.2

Further consistency checks were done by comparing the mean dose values of some treat-
ment plans irradiated without motion on two different days (table 3.6). Due to the
higher dose rate and the resulting faster output, treatment plans for unflattened pho-
ton beams were used for the comparison.
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The comparison showed deviations of up to 8 % and an average deviation of 3.6+5.7 %
(excluding series four due to the significantly different values compared to the outer

series).

Table 3.6: Consistency checks done by repeated measurements of unflattened treatment

plans.
mean dose (without motion) [Gy]
treatment method first measurement second measurement deviation [%]
wrics | SBRT VMAT FFF 19.6 18.5 5.5
SBRT DCAT FFF 20.3 18.9 -6.8
serios 2 SBRT VMAT FFF 18.3 19.7 7.5
SBRT DCAT FFF 16.7 17.6 5.7
series 3 SBRT VMAT FFF 21.5 23.2 8.2
SBRT DCAT FFF 19.2 19.9 3.8
sories 4 SBRT VMAT FFF 22.9 19.3 -18.0
SBRT DCAT FFF 19.5 16.5 -15.4
SBRT VMAT FFF 21.1 22.3 5.8
series 5 SBRT DCAT FFF 17.3 18.3 0.8
ICRU DCAT FFF 23.5 25.5 8.1

! Repeated measurements executed on different LINACs.
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As mentioned in section 2.7, the isocenter was shifted for the irradiation using longi-
tudinal and realistic tumor motion. For the longitudinal tumor motion all plans were
shifted 5 mm whereas the realistic tumor motion required different isocenter shifts. Mea-
surement series one required a 5 mm shift, series two and three a 1 mm shift and series
four and five stayed at the initial isocenter position. The comparison of the mean doses
for the static plans with the isocenter at different positions showed a decrease of the
mean dose of the 3D-CRT plan of -1.0+8.1%. In comparison, the SBRT VMAT plans
exhibited an increase of the mean dose of 5.847.1% and 5.4+9.4% for unflattened and
flattened beams, respectively. The other plans exhibited a smaller deviation between
the different static positions, while all plans showed a high standard deviation.

Table 3.7: Mean dose values for static plans with a 5 mm isocenter shift. (Dose conver-
sion was done using the green channel.)

FFF FF
3D-CRT SBRT VMAT SBRT DCAT | SBRT VMAT SBRT DCAT
(Gy] [Gy] [Gy] [Gy] [Gy]
static isocenter [Gy]  20.0+£1.5 20.7+1.6 18.6+1.4 19,840.5 18.1+1.2
static 5mm shift [Gy] 19.7+0.9 21.84+1.6 19.04+1.6 20.8+1.5 18.0+1.5
deviation [%] -1.0+8.1 5.847.1 2.747.6 5.44+9.4 -0.74+5.9
FFF FF
ICRU VMAT ICRU DCAT | ICRU VMAT ICRU DCAT
[Gy] [Gy] [Gy] [Gy]
static isocenter [Gy] 22.8+1.6 22.7+0.9 21.7+1.5 21.5+ 1.3
static 5mm shift [Gy] 23.240.6 23.1+1.1 21.940.4 21.6+1.1
deviation [%] 1.646.7 2.345.7 1.745.7 1.0£7.1
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3.3 Measurements Regarding the Interplay Effect

The main difference between flattened and unflattened photon beams is the increased
dose rate and the resulting reduction of treatment time. Table 3.8 shows the beam-on
time measured during the treatment without tumor motion for all measurement series
and treatment methods.

The recorded beam-on time showed that the 3D-CRT plans allowed treatment almost
twice as fast as VMAT plans. Furthermore, the recorded beam-on time showed that the
use of unflattened treatment plans reduced the beam-on time by one third compared to
flattened beams. Additionally, it can be seen that the beam-on time time for VMAT
plans was increased compared to 3D-CRT and DCAT plans.

Table 3.8: Beam-on time recorded for all measurement series and treatment

plans.
FFF FF
3D-CRT SBRT VMAT SBRT DCAT | SBRT VMAT SBRT DCAT
[min:s] [min:s] [min:s] [min:s] [min:s]
01:47400:07  03:30+00:42  01:49+00:18 | 10:19402:39  05:38+00:49
FFF FF
ICRU VMAT ICRU DCAT | ICRU VMAT ICRU DCAT
[min:s] [min:s] [min:s] [min:s]
05:42+£01:55 01:524+00:06 ‘ 16:234+04:12 06:291+00:39

Table 3.11 represents the measured maximum, minimum and mean doses for the used
tumor motions as well as for both channels. The color of the font refers to the used
evaluation channel (the first mean, max and min doses correspond to the green channel,
whereas the others correspond to the red channel).

Tukey’s HSD test of the doses recorded without tumor motion, longitudinal tumor mo-
tion and realistic tumor motion showed no significant differences between the treatment
plans for both channels.

Both channels led to variations in the measured doses: for example, the reduction of the
mean dose of the static 3D-CRT plan, from 20.0+1.5 Gy to 18.8+£1.6 Gy for the green
and the red channel, respectively. However, the red channel also led to an increase of
the dose as shown by the static maximum dose for the unflattened ICRU plan which
increased from 29.54+2.8 Gy to 31.5+7.5 Gy for the green and red channel, respectively.
The values of the standard deviation of the static mean and max doses for all plans
showed average standard deviation values of 1.4 % and 2.4 % for mean and max dose of
the green channel, and 3.4 % and 5.3 % for mean and max dose of the red channel. This
increase of the standard deviation of the doses calculated with the red channel can also
be observed for the other dose values.

In order to account for possible systematic errors due to variations in the measure-
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ment setup and, additionally, for better comparability, the mean values in table 3.11
were standardized to the measured mean values of the static 3D-CRT treatment plans.
These standardized mean values are shown in tables 3.9 and 3.10.

The normalized values for the 3D-CRT plan showed a decrease of the mean dose of 3%
for longitudinal and realistic tumor motion in comparison to the measurements without
tumor motion. Furthermore, the maximum dose of the realistic motion was reduced
by 2 % in comparison to longitudinal and without motion. In particular, the minimum
dose was reduced by 8% and 12% for longitudinal and realistic motion, respectively.
The unflattened SBRT VMAT plans exhibited a higher dose by 3 % for static and longi-
tudinal motion and even 8 % higher for realistic motion compared to the static 3D-CRT
plan. From this follows that the mean dose for realistic motion was increased by 5%
compared to the mean dose without motion. Additionally, the comparison of the max-
imum doses for unflattened SBRT VMAT plans showed an increase of the dose of 8 %
for realistic tumor motion.

For the unflattened SBRT DCAT plans the dose was reduced for all motion types by 6 %
and even 8 % for the static plans. Furthermore, the difference between the plans with
realistic motion and without motion was reduced to 2%, 3%, and 3 % for mean, max,
and min dose, respectively. The flattened SBRT VMAT plans exhibited a lower mean
dose than the unflattened ones. However, the flattened SBRT VMAT plans showed an
increase of the mean dose of 3% and 7% for longitudinal and realistic tumor motion
compared to no tumor motion. Additionally, the maximum dose was increased by 6 %
for realistic motion and the minimum dose was even increased by 7 % for realistic mo-
tion compared to no motion.

The flattened SBRT DCAT plans exhibited the lowest dose compared to the other SBRT
plans. However, they showed hardly any differences between the motion types.

The evaluation of the ICRU plans (table 3.10) showed that the mean doses of the unflat-
tened VMAT and DCAT were increased by 14 % in comparison to the SBRT 3D-CRT
plans. The unflattened ICRU VMAT plans showed an increase of the mean dose by
6 % and an increase of the max dose by even 12 % between realistic motion and no
motion. In contrast, the same comparison of flattened ICRU VMAT plans showed only
an increase of 1% and 7% for mean and max dose, respectively. In contrast to the
SBRT plans, the ICRU DCAT plans exhibited similar doses as the ICRU VMAT plans.
However, the unflattened ICRU DCAT plan showed no difference between the mean
dose of static and realistic motion and the difference for the max dose was only 2%. In
contrast, the flattened ICRU DCAT plans again showed an increase of 8 % and 4 % for
the mean and max dose, respectively.

Furthermore, it has to be mentioned that the minimum dose of the ICRU plans was
substantially increased compared to the 3D-CRT plans. The increase of the min dose
for ICRU plans ranged from 18 % (ICRU VMAT FF) up to 28 % (ICRU VMAT FFF).
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Table 3.9: Measured mean doses of all SBRT plans normalized to static values of the
SBRT 3D-CRT plans.

SBRT
FFF FF
dose [Gy] tumor motion = 3D-CRT VMAT DCAT VMAT DCAT
static 1.00+£0.00 1.03£0.06 0.92+0.02 | 0.99+0.06 0.91+£0.05

mean dose  longitudinal = 0.97£0.09 1.03+0.05 0.94+£0.06 | 1.02+0.08 0.90%0.06
realistic 0.97£0.04 1.08+£0.04 0.944+0.06 | 1.06+0.07 0.91+0.04

static 1.00£0.00 1.09£0.11 0.94+0.03 | 1.06£0.06 0.88+0.04

max dose longitudinal ~ 1.00+0.07 1.10£0.06 0.974+0.11 | 1.09£0.10 0.8940.08
realistic 0.98+0.05 1.17£0.08 0.97+0.06 | 1.12+0.10 0.91+£0.06

static 1.00+0.00 0.974£0.06 0.94£0.05 | 0.93+0.03 0.94%0.05

min dose!  longitudinal ~ 0.92+0.12 0.95+£0.03 0.91£0.06 | 0.94+0.07 0.91+0.08
realistic 0.88+0.11 1.01£0.07 0.974+0.05 | 1.00£0.05 0.95+£0.09

! Due to defects of the film the minimum doses were calculated using the 0.025 quantile.

Table 3.10: Measured mean doses of all ICRU plans normalized to static
values of the SBRT 3D-CRT plans.

ICRU
FFF FF
dose [Gy] tumor motion =~ VMAT DCAT VMAT DCAT

static 1.14+0.07 1.1440.08 | 1.08+0.05 1.07+0.05

mean dose  longitudinal  1.154+0.05 1.16+£0.08 | 1.14+0.15 1.114+0.08
realistic 1.20+0.08 1.1440.05 | 1.09+£0.10 1.134+0.05

static 1.16+0.09 1.1440.09 | 1.09£0.05 1.06+0.06

max dose longitudinal ~ 1.19£0.06 1.184+0.08 | 1.16+0.17 1.08+0.09
realistic 1.2840.12 1.164+0.05 | 1.16+£0.13 1.1040.08
static 1.25+0.13 1.2440.10 | 1.19+0.12 1.1940.09
longitudinal ~ 1.23£0.03 1.26%+0.05 | 1.23+0.16 1.22+0.08
realistic 1.2840.12 1.2440.08 | 1.18+0.14 1.264+0.11

! Due to defects of the film the minimum doses were calculated using the 0.025 quan-
tile.

min dose !




Table 3.11: For the evaluation of the measured doses the maximum, minimum and mean dose values were compared for the red and
green channel. Significant differences (p-value < 0.05) for the comparison of the measured doses of the generated treatment plans
with the measured doses of the 3D-CRT plans were characterized using *. Highly significant differences were characterized by **
(p-value < 0.01).

SBRT ICRU
FFF FF FFF FF

dose [Gy]  tumor motion = 3D-CRT VMAT DCAT VMAT DCAT VMAT DCAT VMAT DCAT
static 20.0+1.5 20.7+£1.6 18.6*+1.4 | 19,8+0.5 18.1+1.2 | 22.84+1.6 22.7+0.9 21.7+1.5 215+ 1.31
mean dose  longitudinal 19.3£1.3 20.5£1.0 18.9£1.6 | 20.4+1.1 18.0£1.7 | 22.94+1.1* 23.1+ 1.9*" | 22.6£1.6* 22.2+1.2
realistic 19.3+1.3 21.54+1.2 18.8+£1.7 | 21.1+1.2 18.3+£1.6 | 24.0+1.9**  22.94+1.4* 21.84+1.7 226+ 1.3
static 25.5+2.2 27.8+3.6 23.9£2.5 | 26.8+1.1 22.4+1.7 | 29.5+2.8 28.7+0.8 27.7+2.8 26.9+1.7
max dose longitudinal 254409 27.8+£1.7 24.542.6 | 27.7£1.8 22.6+2.5 | 30.3+1.4 30.0+£2.8 29.24+3.1 27.5+2.3
realistic 24.8+£1.2 29.9£3.2 24.743.3 | 28.5+£2.8 23.2£2.6 | 32.5+3.1** 29.4+2.4 29.3+3.1 27.7£2.0
static 15.8+1.8 15.2+1.3 14.8£1.5 | 14.6+1.2 14.9+1.7 | 19.6£1.1**  19.34+0.9* 18.7£1.0 18.7£1.1
min dose ! longitudinal 14.74£3.1  15.0+2.1 14.4£2.3 | 14.9+2.1 14.4+1.8 | 19.3£1.8 19.94+2.1* 19.24+0.7 19.14+1.2
realistic 14.06£2.9 15.942.0 15.3+1.8 | 15.9£1.9 15.0+1.5 | 20.0£1.9**  19.5+1.5* | 18.4+1.1** 19.7£1.3**
static 18.8+1.6  20.5+3.7 17.4£2.1 | 17.842.5 16.4£2.3 | 21.6+4.6 21.1+44 19.443.1 18.5+3.1
mean dose  longitudinal  16.99+3.5 18.2+£3.3 16.841.6 | 17.8£2.1 15.24+1.6 | 19.6£2.5 20.4+3.0 18.24+2.5 18.8+2.7
realistic 17.5+£2.4  20.0+£3.0 17.1£1.3 | 18.84+3.0 16.0£1.5 | 21.7+4.0 20.0+2.2 18.24+3.9 19.7£2.7
static 26.842.4 30.5+7.1 24.443.7 | 25.844.0 22.24+3.0 | 31.447.6 29.6+6.4 26.7+4.6 24.6+4.2
max dose longitudinal 25.3+4.1  27.3+5.7 24.543.3 | 26.5+£3.4 20.5+£3.0 | 28.5%+5.5 27.9+4.3 25.2+3.0 25.4+4.2
realistic 252449 29.7+£5.6 23.9£1.7 | 26.9+£5.1 21.6+1.9 | 31.6+6.4 27.8+3.4 27.3+7.3 26.8+4.3
static 14.3+1.2 14,5421 13.2+1.1 | 12.7+1.3 13.0£1.7 | 17.7+3.5 17.3+3.5 16.24+2.4 15.54+2.4
min dose ! longitudinal 12.6+3.1  13.0+2.5 12.4#£1.5 | 12.7+1.7 11.84£0.5 | 16.0£2.0 16.9+2.4 15.1£2.1 15.5£2.2
realistic 12.2+1.8 14.1+1.5 13.3£0.9 | 13.7+1.6 12.6+0.7 | 17.4£2.6** 16.3£1.5 14.84+3.0 16.5+2.1

! Due to defects of the film the minimum doses were calculated using the 0.025 quantile.
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Based on the mean values of table 3.11, the dose deviations between static and realistic
tumor motion and, additionally, between static and longitudinal tumor motion, were
calculated depending on tumor size. The deviations between the mentioned motion
types are listed in table 3.12.

This table shows once more a reduction of the mean dose for realistic motion in com-
parison to no tumor motion for the 3D-CRT plan. However, the deviation was higher
for smaller PTVs with a value of -6.1+£7.8% instead of -1.6+2.3% for larger PTVs. The
deviations of unflattened SBRT VMAT plans depending on target size were similar,
with 3.74+2.3% and 4.7£4.0% for PTVs smaller and greater than 15.6 ccm. The flat-
tened SBRT VMAT plans showed higher deviations than the unflattened plans, but the
deviations of the unflattened plans were more or less similar for both target volumes,
namely 6.2+8.6% and 6.846.2%.

The SBRT DCAT plans showed a variation of the deviations for the different target
sizes of -0.4+4.3% and 2.74+4.4% for unflattened beams, and 5.844.6% and -2.1+5.1%
for flattened beams.

The mean doses for ICRU VMAT plans were increased by 2.14+2.0% for smaller target
volumes and increased by 7.242.8% for greater target volumes. The flattened ICRU
VMAT and unflattened ICRU DCAT plans showed the same increase of the mean dose
for both tumor sizes. For both planning methods, this evaluation showed a deviation of
around 1%. Finally, the flattened ICRU DCAT plans again showed different deviation
values for the different tumor sizes. The increase of the mean dose for small target
volumes was measured as 9.0+2.8% and for larger target volumes as 2.7+4.7%.
Additionally, the mean values for static and longitudinal tumor motion are shown in
table 3.12. The comparison again showed partially different values for the target sizes.

Table 3.12: Deviation of mean doses between motion types separated for target

sizes.

PTV <15.6ccm PTV >15.6ccm
static - real.  static - long. | static - real.  static - long.
deviation [%| deviation [%] | deviation [%]| deviation [%)]

3D-CRT FFF -6.1+7.8 -9.1£+13.8 -1.6+2.3 0.6+7.2
SBRT VMAT FFF 3.7+2.3 -4.447.2 4.7£4.0 2.3+5.1
SBRT VMAT FF 6.2+8.6 1.5£1.0 6.81+6.2 4.7410.1
SBRT DCAT FFF -0.4+4.3 -1.14£3.5 2.7+4.4 3.8+6.2
SBRT DCAT FF 5.844.6 8.51+9.2 -2.1£5.1 -6.61+6.9
ICRU VMAT FFF 2.14+2.0 -2.74+6.3 7.24+2.8 3.249.6
ICRU VMAT FF 0.5+2.7 11.2434 0.6+8.1 1.04+3.1
ICRU DCAT FFF 1.1£1.5 -1.9+2.3 1.0+12.1 5.0+13.8
ICRU DCAT FF 9.0£2.8 6.94+3.5 2.7+4.7 1.7+6.0

Another comparison of the average dose values is shown in figure 3.5. It depicts all
used treatment methods depending on the different motion types. The used doses for
these plots were calculated using the green channel. This figure illustrates once again
the significantly higher doses for all ICRU plans. Additionally, it can be seen that
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the dose to the PTV for the static plans was similar or partially slightly higher using
SBRT VMAT plans instead of 3D-CRT plans. Nevertheless, the mean dose of the
SBRT DCAT plans was reduced compared to the static SBRT VMAT and 3D-CRT
plans. Furthermore, the boxplots in figure 3.5 illustrate that there are no substantial
differences between the mean dose values for the measurements with different tumor
motions. However, it shows a slight increase of the mean dose for SBRT VMAT plans
using realistic tumor motion, whereas the other doses were more or less constant. The
boxplots for the ICRU plans also showed an increase of the mean doses for VMAT plans
using realistic motion.

A detailed dose distribution within the irradiation field is shown in figure 3.4. These
plots illustrate the dose distributions across the radiochromic films. The comparison
of the film irradiated with and without tumor motion again showed no substantial
differences between the motion types.

The plots illustrate that no distinguishable differences between the measurements with
or without longitudinal tumor motion occurred. In comparison, the dose distribution
of the measurements with realistic tumor motion showed that the dose maximum was
partially shifted but not reduced due to tumor motion.

This can also be illustrated using the plots in figure 3.6. These plots show dose profiles
(calculated using the green channel) of the radichromic films for an unflattened SBRT
VMAT plan. Figures 3.6(a) and 3.6(b) illustrate the longitudinal and lateral dose
profile at the edge of the film (at 0cm). Similarly, figures 3.6(e) and 3.6(f) illustrate
the opposite edges of the film (at 2.4 cm), whereas figures 3.6(c) and 3.6(d) illustrate
the middle layer (at 1.2cm). The blue line represents the dose of the film irradiated
using realistic tumor motion. It can be seen that the plot of the longitudinal profile at

0 cm (figure 3.6(b)) represents a higher dose than the dose profile without tumor motion
(black line).
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Figure 3.4: Comparison of the influence of the interplay effect to the dose distribution
depending on the tumor motion. This figure illustrates the dose distribution of an
unflattened SBRT VMAT plan.
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Figure 3.6: Measured dose profiles for an unflattened SBRT VMAT plan. The plots in
the second row represent the dose profile 1.2 cm whereas the other plots represent the

dose profiles at 0 cm and 2.4 cm.
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3.4 Dose Calculation Accuracy

For the comparison of the measured and calculated dose distributions, the plans were
recalculated using the phantom structure and the same properties as for the patient’s
plan. One example of the original patient plan and the recalculated plan is shown in
figure 3.7. Due to the different structures and the smaller thorax, the recalculated dose
within the PTV is higher than the dose to the PTV of the patient.

(a) Recalculated dose distribution for the phantom struc- (b) Planned dose distribution for the pa-
ture. tient.

Figure 3.7: A patient’s SBRT VMAT FFF plan recalculated to the phantom structure
for the evaluation of the treatment planning accuracy.

Due to the fact that the measured dose distribution specifies only a cutout of the cal-
culated dose distribution, the matrices of the dose profiles were superposed to find the
best matched area.

An example of matched dose profiles of an unflattened VMAT plan is shown in figure
3.8. The blue line illustrates the calculated dose profile, whereas the red line illustrates
the measured dose profile. Figures 3.8(a) and 3.8(b) show the matched profiles of the
dose distribution calculated using the green chanmnel. They represent a good match for
calculated and measured dose distribution. In contrast to that, figures 3.8(c) and 3.8(d)
show a mismatch of the dose profiles which was caused by the lower dose calculated
using the red channel.

The mismatch and the lower dose using the red channel can also be seen in figure
3.9(b). In comparison, figure 3.9(a) shows the dose distribution calculated using the
green channel. It illustrates that the dose maximum was in the center of the film, and
additionally, that the measured dose maximum and dose distribution were similar to
the calculated ones.

In contrast to the first series, the second series exhibited a lower dose but without a
dose shift for the green channel. However, the dose distribution of the ICRU plans was
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shifted when the green channel was used. The third series, in turn, showed a lower dose
and a dose shift when the red channel was used for the dose calculation. Series four
and five did not show any dose shift for the use of the red channel; however, series four
exhibited lower doses for the measured doses of some plans. In a similar manner, the
fifth series exhibited higher measured doses for all plans when the red channel was used.
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(c) Lateral dose profile calculated using the red (d) Longitudinal dose profile calculated using
channel. the red channel.

Figure 3.8: These plots show the measured (red line) and calculated (blue line) dose
distribution. Plots a) and b) represent dose profiles which were calculated using the

green channel, whereas plots ¢) and d) show dose profiles calculated using the red
channel.
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(b) Calculated (left) and measured (right) dose distribution evaluated using the red channel.

Figure 3.9: Comparison of the measured and calculated dose distributions using the red
and the green channel for the conversion of the net optical density to dose [Gyl].
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A detailed comparison of calculated and measured doses is shown in table 3.13. This
table lists the mean deviations calculated for each treatment method and measurement
series, respectively.

The comparison showed variations in the deviations between measured and calculated
mean doses. However, the average deviations of each series showed that a bigger PTV
led to lower deviations of -0.1+1.0 % and -2.64+2.9% for a target size of 62ccm and
55 ccm, respectively. In contrast, the smaller target sizes of 9ccm and 11 cem led to a
deviation of 6.2+3.6 % and -10.446.1 %. Furthermore, the target volume of 33 ccm led to
a deviation of 4.14+1.1, which represents a deviation between the previously mentioned
deviations.

Table 3.13: Mean deviations between calculated and measured doses.

series 17 series 2° series 3° series 4% series 5°

deviation [%| deviation [%| deviation [%| deviation [%] deviation |%)]
SBRT VMAT FFF -1.2+6.2 3.3+14.5 4.447.6 -21.24+17.6 -6.1+6.3
SBRT VMAT FF 0.2+5.2 1.8+21.3 5.1+11.8 -12.1+£21.8 -1.6£8.2
SBRT DCAT FFF -1.54+5.6 4.44+18.0 3.448.3 -16.94+9.8 0.0+4.5
SBRT DCAT FF -0.84+4.5 7.8+14.2 4.945.0 -4.94+10.3 -6.94+5.3
ICRU VMAT FFF 0.245.2 6.5+14.8 2.946.0 -10.8+9.6 -4.7+5.6
ICRU VMAT FF 1.6+4.8 3.2+20.5 5.501+8.2 -5.1+9.6 -0.2+6.6
ICRU DCAT FFF 0.4+6.3 10.44+12.6 2.24+4.9 -7.8+7.1 -1.94+4.8
ICRU DCAT FF 0.7£5.1 11.8£18.8 4.14+7.1 -4.54+8.0 0.8+6.9
mean -0.1£1.0 6.21+3.6 4.1+1.1 -10.446.1 -2.6+£2.9

LPTV = 62ccm
2PTV = 9cem

3 PTV = 33ccm
4PTV = 11ccm
5 PTV = 55ccm
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4 Discussion

4.1 Dose Distribution

Target Coverage

The evaluation of the PTV coverage for all SBRT treatment plans showed that all
generated treatment plans fulfilled the prescription to cover at least 99 % of the PTV
with 65 % of the prescribed dose. However, the comparison of the conformity indices
for 65 % of the prescribed dose showed that the VMAT plans provided best conformity
in comparison to 3D-CRT and DCAT plans. This increase of conformity for VMAT
plans was also reported by Ong et al. [48] and McGrath et al [39]. Additionally, the
dose-volume-histogram which compared unflattened VMAT and 3D-CRT plans showed
a slight increase of dose for the VMAT plans.

Due to the very significant reduction of the maximum dose for DCAT plans, the CIgg%
exhibited a significant reduction compared to the other plans. Furthermore, the dose-
volume-histogram illustrated a steeper dose fall-off and thereby a lower dose for the
DCAT plans.

Similar to the study of Vassiliev et al. [65], the conformity indices and the dose-volume-
histogram showed that no differences concerning the dose distribution occurred for flat-
tened and unflattened treatment plans.

The evaluation of the ICRU plans showed a very significant increase of PTV and ITV
doses compared to the SBRT plans. This is caused by the different dose prescriptions
of the ICRU 83 report. The difference between the dose prescriptions can be shown
using the conformity indices. While the SBRT plans showed their best conformity for
the Clgs;, the ICRU plans showed best conformity for Clgse,. This results form the
fact that the SBRT plans were designed to apply 65% of the prescribed dose to 99% of
PTV, whereas the ICRU plans were planned to cover 98% of the PTV with 95% of the
prescribed dose. The conformity indices of the ICRU plans for lower doses showed a
decrease of conformity due to the fact that a high dose was applied to the lung outside
the PTV. As a result of the lower dose prescription, this was not the case for the SBRT
plans. The conformity indices Clggy, and Clgse; showed lower indices due to the fact
that only some spots of the PTV reached these dose values. In contrast, the conformity
indices Clggy, and Clygy were reduced based on the dose application outside the PTV.
Due to the ICRU 83 prescription of multiple dose-volume constraints including a pre-
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scription for near-minimum, near-maximum and mean dose, the dose-volume-histogram
for VMAT plans showed a substantially different dose-volume-histogram for ICRU and
SBRT plans. The higher doses and the steeper dose fall-off for ICRU plans may lead
to a reduction of the interplay effect. However, the dose conformity is very significantly
reduced for all ICRU plans due to the higher prescribed doses. To avoid this clinically
unacceptable dose conformity, a shift of the steep ICRU dose-curve to clinically used
doses (as for example the SBRT dose) may improve treatment quality and could also
compensate for interplay effects.

The ICRU report 83 prescribes to cover at least 98 % of the PTV with 95% of the
prescribed dose which equals a dose of 59.2 Gy. During treatment planning it became
apparent that it was not possible to fulfill this prescription for DCAT plans using the
Monaco system. Hence, the plans were planned using 95 % of the prescribed dose to a
reduced volume of 95 % of the PTV. Thus, the dose-volume-histogram for DCAT plans
showed a different dose-curve, starting with a lower near-maximum dose compared to
ICRU VMAT plans. This is also the reason for the significant reduction of the dose
coverage for the ICRU DACT plans.

Additionally, it was not possible to fulfill the prescription for the near-minimum dose
which prescribes that 2% of the volume are limited to 110% of the prescribed dose
(equals 68.5 Gy). This led to a significant increase of the near-minimum dose for [CRU
DCAT plans in comparison to ICRU VMAT plans.

Organs at Risk

Despite the improved target dose, VMAT plans provided the lowest ipsilateral lung
volume which received an EQD3 dose of 20 Gy. Comparably, McGrath et al. [39] and
Navarria et al. [43] reported a significant reduction of the dose to the lung for VMAT
plans. Due to the use of Tukey’s HST test, which considers multiple application of a
statistical test on subgroups and a consideration of only eleven patients, the differences
were not significant within this study. Looking at the ICRU plans a substantial differ-
ence of the ipsilateral lung dose between DCAT and VMAT plans can be seen.

Based on the fact, that for all treatment plans the irradiation through the contralat-
eral lung was avoided, the volume receiving an EQDs2 dose of 5 Gy was minimal for all
treatment plans.

The evaluation of all treatment plans showed that for all organs at risk the VMAT plans
were characterized by the lowest doses compared to the other plans. The superior dose
sparing to organs at risk for VMAT plans in comparison to 3D-CRT and DCAT plans
was reported by Rauschenbach et al. [54] in the same way. Improved organ at risk
sparing using VMAT can be applied due to the possibility of using intensity modulated
beams in combination with the multi-leaf-collimator. However, the increased dose of
the ICRU plans went along with higher doses to the organs at risk.

Similarly to the results reported by Vassiliev et al., the comparison of flattened and
unflattened plans showed no differences concerning doses to organs at risk.
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Monitor Units

As reported by McGrath et al. [39], Ong et al.|[48], and Zhang et al. [69], the required
number of monitor units for VMAT plans were very significantly increased. This increase
of monitor units appeared in equal manner for flattened and unflattened VMAT plans
and is caused by the higher degree of modulation using VMAT plans.

It has been observed that there are differences between monitor untis of flattened and
unflattened treatment plans. However, these differences were not significant within this
study due to the small PTVs and the dependence of this effect on PTV size (reported
by Hrbacek et al. [26]).

A higher number of monitor units causes a higher surface dose, but, due to the fact
that unflattened photon beams contain less contaminating electrons, the surface dose
decreases for unflattened beams [11]. Thereby, higher monitor units for unflattened
beams have less effect on the surface dose than flattened beams.

4.2 Treatment Time

The main improvement of unflattened photon beams is the increased dose rate and,
thereby, the reduction of treatment time, as reported by e.g. Vassiliev et al. [66].

This study showed a decrease of beam-on time for unflattened VMAT and DCAT plans
of approximately one third compared to flattened plans.

In contrast to the results of McGrath et al. [39], Ong et al. [48], and Navarria et al. [43]
(the last group compared flattened 3D-CRT with unflattened VMAT), which stated a
reduction of treatment time for VMAT plans compared to 3D-CRT plans, this study
showed a near doubling of the beam-on time for VMAT plans compared to 3D-CRT
and DCAT plans.

Even if the gantry rotation, which is estimated to around 1min, is added to the beam-on
time, the 3D-CRT will allow a shorter treatment time. This resulted especially from
the occurrence of a so-called “Dose rate mon” error during unflattened VMAT delivery
which stopped the irradiation (measurement of beam-on time was stopped if the error
occurred). Despite these errors, the LINAC allowed to continue the irradiation after
a reset of the machine. Simultaneously, the phantom motion continued, which may
have led, besides the increased treatment time, to a modification of the dose to the
target. Due to the fact that there are no significant differences between flattened and
unflattened VMAT plans, the effect of the interruption of the treatment on the dose
distribution was assumed to be negligible. The occurrence of this error could be avoided
if a fine tuning of the machine would be done.

Due to the fact, that the 3D-CRT reduced planning and beam-on time in comparison
to VMAT plans, and the fact that there are no significant differences for OARs, the
implementation of VMAT plans for clinical use may be abdicable. The unflattened
DCAT plans showed a similar beam-on time to the 3D-CRT plans, but, as already
mentioned, the dose conformity and organ sparing was reduced for DCAT plans. For
this reason the clinical use would reduce the treatment quality.



72 CHAPTER 4. DISCUSSION

4.3 Film Dosimetry

The comparison of calculated and measured doses in the relevant dose range showed
substantial differences between the doses calculated by the use of the red and green
channel. The mean deviations for doses calculated using the green channel exhibited a
lower mean deviation than the mean deviation for the red channel.

Similarly to these results, Borca et al. [7] reported that the red channel provides the
best response of up to 10 Gy, whereas for doses higher than 10 Gy the green channel has
a greater response. Besides this, Papaconstadopoulos [51] suggested a scanning protocol
for reflection scanning of EBT3 films using the red channel for doses less than 2 Gy, and
the green channel for higher doses.

Further evidence for the better use of the green channel is the fact that the matching
of the calculated and measured dose matrices showed better results for the matching of
the doses calculated using the green channel. The use of the red channel led to a partial
shift of the measured dose maximum in comparison to the calculated one.

The plots (figure 4.1) illustrate the measured net optical densities for known doses
of 9Gy and 21 Gy (and additionally 25 Gy for the green channel) for flattened and
unflattened photon beams, respectively. Due to the high gradient of the fit curve, a
small difference in the measured net optical density led to a high difference of the
calculated dose. As shown in 4.1(a), the influence of different net optical densities had
a substantial higher effect to the dose for the radiation of 21 Gy than for 9Gy. As it
can be seen in figure 4.1, the dose for the radiation of 21 Gy covered a dose range of
21.6 Gy to 24.6 Gy, whereas the dose range for 9 Gy was 9.2 Gy to 10 Gy.

In contrast, the dose calculated using the green channel is shown in figure 4.1(b). The
illustration shows once more that the dose gradient of the fit curve influences the dose
values, but, due to the smaller dose gradient compared to the red channel, the influence
was smaller. However, the use of the green channel also led to a higher difference of the
calculated dose for higher radiated doses. The green channel reduced the dose range for
9Gy to 9.1 Gy up to 9,5 Gy. Especially for higher doses, such as 21 Gy, the dose range
was reduced to 21.4 Gy up to 22.4 Gy.

However, this is still a high variation. Due to the fact that the used film had its optical
dose range between 0.2 Gy and 10 Gy, the use of radiochromic films, which are more
stable in the used dose range, would improve measurement accuracy. New films with
an extended dose range are in principle commercially available, but were not available
in the institution at the time this study was performed.

Due to the fact that the net optical density is sensitive to dose, the time between
irradiation and scanning can distort the results caused by the darkening of the film in
the first hours after the irradiation. However, since the scanning was done approximately
48 hours after the irradiation, this effect should be negligible.

Repeated measurement of some static plans showed substantial differences between the
mean doses. These differences were caused by the high gradient of the fit curve and the
resulting influence of the net optical density to dose. Based on these measurements, the
uncertainty of measurement was estimated to be around 5%.
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4.4 Interplay Effect

The comparison of the measured mean values for the different treatment plans in combi-
nation with different tumor motions showed no significant differences, aside from some
significant increases of the dose for the ICRU plans due to the higher prescribed dose.
The normalization to the static 3D-CRT revealed that no systematic errors due to in-
accurate phantom positioning occurred. However, these values showed an increase of
5% to 8 % for the mean and max doses of flattened and unflattened VMAT plans using
realistic tumor motion instead of no motion. These values are similar to the results of
Tyler et al. [63] and Ong et al. [47, 49] who reported a deviation for VMAT treatment
of 2% to 5% (respectively, the use of single arcs and/or single fractions induced devia-
tions of 7.4% to 9.4%).

Furthermore, the measured deviations of mean and maximum doses for unflattened
DCAT plans showed a difference of 2% to 3% whereas the flattened DCAT plans
showed no substantial deviation. Similarly, the deviation of mean and max doses for
3D-CRT were around -3 % to -2% which, due to an uncertainty of measurement of
5%, is more or less related to the study of Tyler et al. [63]. It reported that 3D-CRT
treatment is largely unaffected by target motion due to the static beam delivery.

The ICRU plans showed high variations in the deviation between mean and max doses
for realistic tumor motion and no tumor motion. This is probably caused by the higher
doses for ICRU plans and the higher measurement uncertainty for higher doses.
Furthermore, the deviations between the different motion types were calculated for
PTVs larger than 15.6 ccm and PTVs smaller than 15.6 ccm separately. These values
showed substantial differences and variations between the different plans and target
sizes. This can be caused, on the one hand, by the uncertainty of measurement of 5%
and, on the other hand, by the fact that only two or, respectively, three values are used
for the calculation of the mean value. A larger data set may lead to a more specific
result.

The box plots of the different treatment plans still showed substantial differences be-
tween the different treatment plans due to their varying dose prescriptions. Further-
more, slight differences between static and realistic motion can be seen for flattened and
unflattened VMAT plans but this difference was not statistically significant.

It has to be mentioned that the phantom used in study did not allow the determi-
nation of its starting position. Thereby, it was not possible to regulate the position of
the tumor at the beginning of the treatment which can cause differences in the dose
to the target due to the interplay effect. This resulted in variations of the dose to
the target, especially for the irradiation using separate beams. Considering the errors
which occurred during the irradiation of VMAT plans and stopped the treatment, this
can cause variations of the target dose. This is also the case for patient treatment, but,
nevertheless, it can be a reason for dose deviations.

Furthermore, the partial shift of the isocenter led to different doses to the target due
to the variation of the thickness of the phantom’s thorax. The comparison of the mea-
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sured doses for static irradiation at the isocenter and the irradiation with a 5mm shift
exhibited a dose deviation of up to 5.8+7.1 %.

To sum up, the results concerning the interplay effect lead to the conclusion that no sig-
nificant differences between the different motion types occurred for any of the treatment
plans. Due to the uncertainty of measurement of around 5 %, the interplay effect can
be estimated not to significantly exceed the measurement uncertainty. Furthermore,
the measurement showed that the used film was not suitable for this dose range despite
its dynamic dose range of up to 20 Gy. The use of a new type of film which is more
suitable for the used dose range may lead to a more precise evaluation of the influence
of the interplay effect.

4.5 Dose Calculation Accuracy

The comparison of the calculated and measured mean doses showed substantial differ-
ences. Compared to the other deviations, the higher deviation for the PTV sizes of
9ccm and 11cem is remarkable. The higher deviations for the smaller target volumes
may be caused by dosimetric effects which occur in small fields and cause errors and
uncertainties of measurements and dose delivery. Furthermore, the uncertainty of mea-
surement of 5% increases the deviations for all target sizes. The LINAC’s calibration
can be excluded as reason for the deviation since it was shown to be stable within 1 %.
Once more, the use of films suitable for higher dose ranges can reduce the deviation
between measured and calculated doses.
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5 Conclusion and Outlook

The SBRT VMAT plans generated with the treatment planning system Monaco 5.00.04
(Elekta AB, Stockholm, Sweden) allowed best dose conformity and OAR sparing com-
pared to the clinically used SBRT 3D-CRT and the SBRT DCAT plans. However, this
went along with a very significant increase of the used monitor units for the SBRT
VMAT plans which, thereby, increases the surface dose. In the same context, the SBRT
DCAT plans showed worst dose conformity and higher doses to the OARs.

Due to the higher prescribed doses for the ICRU plans these plans exhibited more dose
to the OARs for VMAT and DCAT plans. Especially, the ICRU DCAT plans exhibited
particularly high doses for the OAR which were partially not clinically acceptable . Ad-
ditionally, due to the higher doses, conformity was worse compared to the SBRT plans,
making the ICRU plans clinically unacceptable. However, the ICRU plans showed a
dose-curve with a steeper dose fall-off which could, when shifted to lower doses, improve
treatment quality due to a reduction of the interplay effect.

For both dose prescriptions and all treatment plans the use of flattened and unflattened
photon beams showed no differences concerning dose coverage, dose conformity and
doses to OARs. The main improvement was the substantial reduction of the beam-on
time for unflattened photon beams.

Contrary to prior expectations, the recorded beam-on time for all treatment plans
showed that the unflattened 3D-CRT plans allowed shortest beam-on time, followed
by unflattened DCAT plans. The unflattened VMAT plans showed a higher beam-on
time due to the increased number of required monitor units.

The evaluation of the measurements showed that in the used dose range of 15 to 27 Gy
the film dosimetry using the green channel provided better results than the red chan-
nel. Nevertheless, despite the dynamic dose range of the EBT3 films of up to 20 Gy,
the uncertainty of the measurements came to around 5 %.

No significant differences concerning mean, maximum and minimum doses were observed
for the treatment plans measured with longitudinal tumor motion, realistic tumor mo-
tion and without tumor motion. However, a detailed evaluation of the mean doses
showed a reduction of the mean dose of 2-3% for unflattened clinically used 3D-CRT
plans for realistic tumor motion compared to the measurement without tumor motion.
Similar to that, the flattened and unflattened DCAT plans showed an increase of the
mean dose of 2-3% when realistic tumor motion was used. In contrast to that, the
unflattened and flattened VMAT plans exhibited an increase of the mean dose of 5-7 %.
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Due to the higher doses, the deviations of the ICRU plans showed high variations, which
is why no deviation factor was defined.

Considering the uncertainty of measurement it can be said that the influence of the
interplay effect was not significantly higher than the measurement uncertainty.

To put it in a nutshell, the 3D-CRT treatment plans allowed the shortest beam on-
time and the lowest influence of the interplay effect. Due to an insignificant level of
improvement concerning dose conformity and OAR sparing in addition to the highly
significant increase of MU for VMAT plans, the unflattened 3D-CRT treatment method
is still a good choice for clinical use.

For a more accurate evaluation of the influence of the interplay between target mo-
tion and MLC motion, measurements using films which are more suitable for the used
dose range need to be performed. This would result in a more precise value for the devi-
ation of the dose between different treatment plans. Additionally, these measurements
might potentially show the influence of flattened and unflattened photon beams on the
interplay effect.

Furthermore, the use of an ionization chamber, which enables the measurement of the
absolute dose in the isocenter, would allow for comparison between the dose measured
using the film and the ionization chamber (the phantom has an insert for ionization
chambers, as well). This would then allow an estimation of correction factors for the
film. However, measurements in steep dose gradients exhibit considerable uncertainties
which may complicate the determination of the correction factors. Additionally, the
influence of the phantom’s 5 mm isocenter shift can be measured more accurately and a
correction factor can be determined. The measurements showed that for this isocenter
shift a precise alignment is also essential.

In addition, the possibility of determining the phantom’s motion starting position would
allow the evaluation of the influence of the interplay effect on the different treatment
methods in a more detailed way.



A Monaco TPS

A.1 Lung Templates

The main improvement of the Monaco treatment planning system (TPS) is the possi-
bility of using templates which provide a basis for all treatment plans. Once a template
for the required treatment plan is created, it can be used for other patients. Only the
gantry angle has to be adjusted for every patient before the first optimization can be
started.

After the first optimization, which takes around 10 minutes, the isoconstraints can be
adapted to the individual plan. Then the second optimization, which takes between 30
and 45 minutes, can be started. The treatment plan can be furhter improved after the
second optimization by adapting the isoconstraints. The second optimization steps can
be repeated as often as necessary and only take a few minutes.
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Template for Volumetric Modulated Arc Therapy

The cost functions for the VMAT templates were chosen as shown in table A.1. In this
table the cost functions for the OARs are those for the SBRT dose prescription. For
ICRU plans the isoconstraints for the OARs had to be eased.
For some plans it was useful to additionally use the quadratic overdose function for the
healthy side of the lung or the heart to reduce the maximum dose.

Table A.1: Template for VMAT plans.

Structure Cost Additional Reference Isoconstraint
Function Parameter Dose [Gy]
Cell Sensitivity: 0,50 Prescription [Gy|:
Target EUD! Surface Margii: On 40.500 g !
Quad. Overd.! Max. Dose: 65.00 | RMS|Gy]:0,020
PTV . Cell Sensitivity: 0,50 Prescription [Gy]:
Target EUD Surface Margii: On 59.2 !
Overd. DVH? Obj. Dose: 66.66 | Max. Vol: 2%
Underd. DVH? Obj. Dose: 59.20 | Min. Vol: 98 %
Lung right | Parallel k:2.00 Ref. Dose: 13.400 | Mean Organ
Damage [%]: 10.00
Lung left Parallel k:2.00 Ref. Dose: 13.400 | Mean Organ
Damage [%]: 10.00
Heart Serial k:6.00 EUD [Gy]: 7.000
Stomach Serial k:5.00 EUD [Gy]: 5.000
Myelon Serial k:14.00 EUD [Gy]: 6.000
Esophagus | Serial k:12.00 EUD [Gy]: 6.000
Quad. Overd. Max. Dose: 30.000 | RMS [Gy]: 0.800
Body Quad. Overd. Max. Dose: 39.800 | RMS[Gy]:0.050
Quad. Overd. Max. Dose: 20.000 | RMS [Gy]:1.200

! These functions are used for SBRT VMAT plans.

% Cost functions for the VMAT plans generated using multiple dose-volume constraints (ICRU Report

83).
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A.1.2 Template for Dynamic Conformal Arc Therapy

The used cost functions for the dynamic conformal arc template are listed in table A.2.
To comply with the PTV coverage prescriptions, the angle range was irradiated twice
(clockwise and counterclockwise) for almost all plans. For the template a collimator
angle of 90° was chosen because this provided better results for most of the plans.
However, for some plans it was necessary to change the collimator angle to 5° to reach
the specified values.
Additionally, the Target Margin had to be adjusted to Very Tight to reach a better
conformity. For ICRU plans the isoconstraints for the OARs had to be eased.

Table A.2: Template for DCAT plans.

Cost Additional Reference .
Structure . Isoconstraint

function parameter dose [Gy]

Target Penalty!| Min. Vol.[%]: 99,00 Prescription [Gy]:

Surface Margin: On 40,500

Quad. Overd.! Max. Dose: 65,00 | RMS [Gy]:0,020

PTV Target Penalty?| Min. Vol.[%]: 95,00 Prescription [Gy]:
Surface Margin: On 59.2

Overd. DVH? Obj. Dose: 66.66 | Max. Vol: 10%

Underd. DVH? Obj. Dose: 59.20 | Min. Vol: 95%
Lung right | Parallel k:2,00 Ref. Dose: 13,400 | Mean Organ

Damage |%]: 10,00
Lung left Parallel k:2,00 Ref. Dose: 13,400 | Mean Organ
Damage [%]: 10,00

Heart Serial k:6,00 EUD [Gy]: 9,000
Myelon Serial k: 14,00 EUD [Gy]: 7,000
Esophagus | Serial k:12,00 EUD [Gy]: 7,000

Quad. Overd. Max. Dose: 30,000 | RMS [Gy]: 1,00
Body Quad. Overd. Max. Dose: 39,800 | RMS [Gy]: 0,100

Quad. Overd. Max. Dose: 20,000 | RMS [Gy]: 1,500

! These functions are used SBRT DCAT plans.

% Cost functions for the DCAT plans generated using multiple dose-volume constraints (ICRU Report 83).
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List of Acronyms

3D-CRT Three-dimensional conformal radiation therapy
BED biological effective dose

CBCT cone beam computed tomography

CI conformity index

CT computed tomography

CTYV clinical target volume

DCAT Dynamic conformal arc therapy

DVH dose-volume-histogram

EBRT external beam radiation therapy

EUD equivalent uniform dose

EQD, equivalent uniform dose in 2 Gy fractions
FF flattening filter

FFF flattening filter free

GTV gross tumor volume

HSD honestly significant difference

ITV internal target volume

LINAC linear accelerator

MC Monte Carlo

MLC multi-leaf-collimator

MU monitor units

PTV planning target volume

83



OAR organ at risk

RF radio frequency

ROI region of interest

SBRT stereotactic body radiation therapy
TPS treatment planning system

VMAT Volumetric modulated arc therapy
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