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1 Motivation and Objectives

A crucial factor for a successful treatment utilizing radiation therapy is the accurate po-
sitioning of the patient and the target volume to apply a sufficient dose to the clinical target
volume (CTV) while sparing surrounding organs at risk (OARs). When utilizing advanced
treatment techniques to improve treatment outcome, like Intensity Modulated Radiotherapy
(IMRT), which uses highly conformal dose distributions according to anatomical sites, a precise
irradiation of the CTV is even more important. This work was focusing on radiation therapy of
prostate cancer - the most frequent cancer in men, where proximate OARs are the rectal wall
and the bladder wall.

Markers on the skin of the patient are normally used for setup in radiotherapy, but aligning
the patient only depending on them causes gross uncertainties in case of prostate irradiation. One
general issue is, that the skin’s position is not fixed relative to the internal anatomy. Especially
for obese patients this issue yields in a large positioning error. An image-guided setup based
on bony landmarks helps to tackle this issue, but for prostate cancer irradiation this is still
inaccurate because the position of the target volume is strongly dependent on the filling of the
rectum and the bladder, which can not be assumed to be similar for every fraction.

Considering these challenges, at the Medical University of Vienna/AKH an image-guided
treatment is performed, where the patient is aligned before treatment delivery according to the
prostate’s current position, obtained through three fiducial gold markers placed in the prostate.
Additionally an endorectal balloon is utilized in every fraction to stabilize the position of the
prostate and spare the anorectal wall.

However, even with an image-guided setup based on the position of the target volume geomet-
rical uncertainties remain for treatment: a small setup uncertainty (in terms of the positioning
uncertainty of the equipment itself and a possible clinically applied tolerance for setup) and the
organ and patient movement during the fraction. These uncertainties are taken into account
when adding margins to the CTV to guarantee that the CTV receives sufficient dose for eradi-
cating cancer. However, the margins may limit the dose to the tumor region because of OARs,
which may be located in or close by the PTV.

The purpose of this work, therefore, is to evaluate the intrafraction prostate and patient
motion and the resulting positioning uncertainties, which occur within IMRT treatment frac-

tions at the Medical University of Vienna/AKH, as a function of treatment time, aiming in a
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possible reduction of the margins for treatment. If the positioning errors increase dramatically
with progressing treatment time, a repositioning or tracking of the patient during a fraction or
a reduction of treatment time should be considered. As the reproducibility of the endorectal
balloon’s position and its ability for prostate immobilization are arguable, a qualitative assess-
ment of the balloons position with respect to bony anatomy and a comparison with values for
margins from literature, where no daily endorectal balloon was applied, needs to be included in

such a study.



2 Introduction

2.1 Basics of Radiation Oncology

Only one year after Wilhelm Conrad Rontgen discovered X-rays in November 1895 the
first clinical use of fractionated radiotherapy by Leopold Freund in Vienna is documented. He
successfully removed a hairy nevus covering the whole back of a 5-year-old girl [1] after reading
that X-ray exposure may induce hair loss and reddened skin, but on her back a radiation ulcer
remained as a result of the lack of knowledge concerning the appropriate dose. This can be seen
as the foundation of radiotherapy and already shows the tightrope walk, which still has to be
made nowadays when treating cancer: sufficient action for eradicating cancer on one hand, and
a minimization of side effects on the other hand. The field of radiation oncology evolved rapidly
since then and offers now three options of treatment: external beam radiotherapy, brachytherapy
and radionuclide therapy. In external beam radiotherapy, which is also known as teletherapy,
the radiation is applied to the patient through penetration of the skin by an external radiation
source, like a linear accelerator (further explained in or a Cobalt-60 teletherapy unit.
Besides the most commonly used photon radiation also electrons are utilized in external beam
radiotherapy to treat tumors on the or close to the surface of the patient. In brachytherapy
one or more (sealed) radiation sources are placed near or directly within the volume, which
has to be irradiated. In terms of location of the radiation sources distinction is made between
surface (placement on skin), intracavitary (within natural or artificial cavities within the body),
intravascular (within blood vessels) and interstitial (within the tumor itself) brachytherapy.
In radionuclide therapy, which is strictly speaking a part of nuclear medicine, radioactive
substances are administered, which have the property to concentrate in certain organs or regions

of the body [2].
2.1.1 Radiation Qualities and Interactions

To assure biological effects necessary for eradicating cancer (see in radiation oncol-
ogy ionizing radiation, which is able to remove electrons from atoms and thus create ions, is
utilized. Distinction is made between directly ionizing radiation (collision ionization through
charged particles like electrons, protons, a-particles or heavy ions) and indirectly ionizing ra-
diation (uncharged photons or neutrons). In external beam radiotherapy photon radiation and

in brachytherapy ~-radiation is mainly used, so the interactions of photons inside the human
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body will be discussed in detail. The energy of photons used for medical purposes in diagnostics
and therapy ranges from 10 keV to 50 MeV and is produced by X-ray tubes or linear accel-
erators or emitted as 7-radiation from atomic nuclei (Cobalt-60 teletherapy unit). X-rays and
~-rays are photons within the same energy range and therefore physically identical, although
they originate from extranuclear and intranuclear processes, respectively. When interacting with
matter the energy of the uncharged photons is partly or totally absorbed or the photons are
scattered (change of direction). These processes create charged secondary particles like electrons
or positrons, which have the ability to ionize the surrounding matter. Therefore, photon radi-
ation is counted among indirectly ionizing radiation. The primary interaction of photons with
the penetrated material causes an attenuation of the original photon beam in terms of intensity,
thus, a reduction of the number of photons within the beam. For a mono-energetic, narrow
and parallel photon beam geometry the attenuation of intensity can be described as decreasing

exponentially within a tissue of constant density and atomic number:
I(d) = Iy - e "4 (2.1)

The intensity of the incoming radiation beam is Iy, the intensity at a depth d of the material is
I(d) and the material and energy dependent linear attenuation coefficient y is proportional
to the density of the absorber material and made up of contributions regarding the physical
processes involved.

W =T+ 0C + Ocoh + Kpair + Ktriplet + Tnph (2~2)

Processes, where photons interact with the atomic shell of the absorber are coherent scat-
tering with the coefficient o}, the Compton effect (incoherent scattering) with o¢ and the
photoelectric effect with 7. When photons interact with the Coulomb field of atomic nuclei
one speaks of pair production with the coefficients rpqir and K¢piprer, and of the nuclear pho-
toelectric effect with o,,,, when photons interact with the nuclei themselves. The quantitative
role of the nuclear photoelectric effect is negligible. Therefore, the coefficient oy, is often omit-
ted. As the attenuation coefficients are proportional to the density p of the absorber material
for practical reasons the mass attenuation coefficient p/p is frequently used instead of the

linear attenuation coefficient [2—4].

Coherent Scattering

The process of photons interacting with matter is called coherent scattering when there is

no overall energy transfer to the atoms of the material and ionization does not occur. The
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photon interacts with an electron of an atom in such a way that the energy of the photon is
absorbed and the electrons of the atom start to vibrate at the frequency of the photon. Finally
the absorbed radiation is emitted as a photon, which is of the same wavelength as of the original

one (see Fig. [2.1). For human tissue implicating low atomic numbers coherent scattering is only

Figure 2.1: Coherent scattering (from [3], p185).

relevant up to energies of about 20 keV. Therefore, coherent scattering processes are negligible

in radiotherapy [3].

Photoelectric Effect

The process where a photon carries all its energy over to an electron orbiting around an
atom, which is, subsequently, able to leave the atomic shell, is called photoelectric effect (see
Fig. [2.2)). Therefore, the energy of the photon has to be higher than the binding energy of the

electron. The kinetic energy of the electron yields to
Eyin = Ey — By (2.3)

which is the difference of the energy of the incoming photon and the binding energy of the
orbital electron. Strictly speaking, for reason of conservation of momentum a very small part
of the energy of the photon is transferred to the atom as well. This is obvious when having a
look at the process in the center-of-mass-system. Before the collision the photon and the atom
move towards each other with a resulting overall momentum of zero. After the collision the
electron leaves the atomic shell with the main component of the momentum and therefore the

remaining atom has to get a recoil momentum. As the nucleus is much heavier than the leaving
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electron, the energy ratio transferred to the atom is negligible. The hole in the shell created
by the leaving electron can now be filled with an electron from an outer shell by emitting the
energy difference as a characteristic photon or transferring it to another electron, which is able

to leave the atom as a so-called Auger electron. The probability for photoelectric interaction is

Figure 2.2: Photoelectric effect (from [3], p160).

indicated through the photoabsorption coefficient 7, which depends on the density p as well as
on the atomic number Z of the absorber material and the photon energy E,. The interaction
probability is strongly dependent on the atomic number of the absorber material and reaches

the largest values for dense, heavy elements.
T p-Z3 (2.4)

The difference in X-ray absorption for materials with different atomic numbers stated in equation
[2.4] establishes the basis of diagnostic radiology. For radiation protection in diagnostic X-ray
imaging, hence, high Z materials are utilized as well. The probability of photoelectric absorption

decreases with increasing photon energy like

1
TXP g3 (2.5)
g

except for discontinuities called absorption edges, when the energy reaches the binding energy
of the next inner shell and the probability of interaction gets much higher (see Fig. [2.3]).
The combination of equations [2.4] and [2.5 gives

Z3
TXP g (2.6)
g

for the photoabsorption coefficient. The angular distribution of the ejected electrons relative to

the direction of the incident photons depends on the photon energy. For lower energies of the
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Figure 2.3: Energy dependence of the mass-photoabsorption coefficient 7/p for lead with the
absorption edges Li-Ls and K (from [3], p162).

photons the electrons are emitted almost perpendicular to the original photon beam. The higher

the energies of the photons get, the more the electrons are emitted in forward direction [3,5].

Compton Effect

The Compton effect describes the incoherent interaction of a photon with an outer, weak-
bonded shell electron of the absorber material. Hence the binding energy of the electron is
much less than the energy of the interacting photon and the photon transfers parts of its energy
and momentum to the electron. The electron is able to leave the atomic shell at an angle 6
relative to the direction of the incident photon and the photon gets scattered at an angle ¢ from
its original path (see Fig. [2.4]). The probability for the occurrence of the Compton effect is

described through the Compton attenuation coefficient

0C = Oge + O (2.7)
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made up of the Compton scatter coefficient o, for the incoherent photon scattering and the
Compton energy transfer coefficient oy, for the energy transfer to the Compton electron. Due to
the fact that the Compton effect involves an outer electron, the field of the nucleus is shielded
significantly by the inner electrons. Therefore, the Compton attenuation coefficient is indepen-
dent of the atomic number of the absorber material. An empirical, gross approximation for
energy dependence the Compton attenuation coefficient, which is proportional to the density p

of the absorber material, is given by

1
Y

whereas F, is the energy of the incident photon and n ranges from 0.5 to 1. When describing

Figure 2.4: Compton effect (from [3], p165).

the process as an elastic collision between two particles with the electron being at rest before

the collision, energy and momentum conservation laws provide the relation
El = Ey
gl E
1+ 0y - (1L —cos )

(2.9)

between the energy E, of the incident photon, the energy of the scattered photon E;, the rest
energy moc? of the electron and the photon’s scattering angle ¢. Both Compton electrons and
scattered photons show angle and energy distributions depending on the energy of the primary
photons. The frequency of occurrence for certain scattering angles at certain photon energies
can be calculated by applying relativistic quantum theory. For photon energies, which are much
lower than the rest energy of the electrons (511 keV), the energy of the scattered photon is

almost equal to the energy of the incident photon and to a large extent independent of the
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scattering angle. Therefore, for soft X-rays used in diagnostic imaging one has to be aware
of this fact concerning radiation protection. The energy transfer to the Compton electrons
hence is low, so their range is limited and no dose accumulation effect occurs. However, for
photon energies exceeding the rest energy of the electron (E, >> 511keV) the energy-relation
term in the denominator in equation gets (considerably) larger than 1 and accordingly the
energy transfer to the Compton electron is larger than for low-energy photon radiation and more
dependent on the scattering angle. The Compton electrons thus have a larger operating distance,
in materials with low atomic numbers as water or human tissue up to a few centimeters. This

leads to the dose accumulation effect on material boundaries [3, 5].

Pair Production

If the photon energy exceeds 2 - 511 keV, whereat 511 keV is the rest mass of an electron,
the process of pair production may occur in the electromagnetic field of the nucleus. A pair of a
negatively charged electron and a positively charged positron is created from the photon, which
is totally absorbed in this process. The energy of the incident photon is converted into the rest
masses of the electron and the positron and their kinetic energies, whereat the total available
kinetic energy is:

Ekin = Ey — 2-moc® = E, — 1022keV (2.10)

The nucleus itself keeps unchanged, its presence is only necessary for energy and momentum con-
servation reasons while creating the electron-positron pair. The probability for pair production
increases with the logarithm of the photon energy. It is also proportional to the density of the
absorber material and to the relation Z2/A, which is approximately Z for light and moderately

heavy elements. For pair production in the field of an atomic nucleus hence the relation
Kpair X Z - p - log E,, (2.11)

for photon energies E, > 1022 keV is valid. The electron and the positron propagate through
the absorber material and deposit their kinetic energy in multiple collisions in matter. When
the positron gets at rest in the vicinity of a shell electron, it recombines with the electron by
producing two photons of the so-called annihilation radiation. In this process the rest mass
of the two particles is transformed into two photons, each with an energy of 511 keV, which
move in opposite directions due to conservation of momentum. If the positron is not totally at
rest when annihilating, the remaining kinetic energy will also be transformed into energy of the

created photons. The annihilation photons can be absorbed through photoelectric or Compton
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processes, but usually leave finite absorbers without interaction. Therefore, they contribute only
to some extent to the energy dose within the absorber. At very high photon energies and atomic
numbers pair production gets the dominating interaction of photons and matter [3,5].

Pair production takes rarely place in the field of a shell electron. The shell electron, whose
mass is three orders of magnitude smaller than the mass of the nucleus, is leaving the atom in
this process. It propagates through the absorber material alongside with the pair of electron
and positron and all deposit their energy in multiple collisions within the absorber. Because
of the three involved particles this process is called triplet production and its probability is
described through the coefficient xipje;- For energy and momentum conservation reasons triplet

production gets possible at photon energies £, > 4 - 511 keV [3].

Figure 2.5: Pair production processes: left side: pair production in the Coulomb field of an
atomic nucleus; right side: triplet production in the Coulomb field of a shell electron (from [3],

p182).

Relative Importance of Interactions

As seen in equation [2.2] at the begin of section [2.1.1] the linear attenuation coefficient is
made up of the coefficients, which state the probability for the specific interactions of photons
in matter. All the contributions depend on the energy of the incident photon radiation and/or
the atomic number of the absorber material. Hence Fig. [2.0] gives and overview of the relative
importance of certain processes at different energies and atomic numbers.

The photoelectric effect dominates for heavy elements and photon energies up to 1 MeV.
Radiation protection materials like lead, tungsten and uranium work in this energy range via

the photoelectric effect, avoiding the creation of scattered radiation. However, the creation of
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characteristic X-rays in heavy materials has to be considered. In human tissue the photoelectric
effect contributes only at low photon energies, for example in diagnostic imaging, noticeable to
the overall energy transfer.

The Compton effect dominates a wide range of photon energies and for low atomic numbers
up to Z = 10. Therefore, it is the most important process in radiotherapy, keeping in mind
that human tissue is of Z ~ 7. Within the energy range of 1-4 MeV, which is dominated by
the Compton effect independently of the atomic number, the mass attenuation coefficients are
independent of the material and for all atomic numbers almost equal.

Coherent scattering is negligible for energies exceeding 20 keV when compared to the other
interaction processes. In particular, due to lacking energy transfer in this process it does not
contribute to the generation of an energy dose within the absorber.

Pair production takes place at photon energies larger than 1.022 MeV and gets some impor-
tance for low atomic number starting with energies of about 10-20 MeV. For heavy elements

(Z > 20) pair production is the dominating process for photon energies larger than 10 MeV [3].
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Figure 2.6: Main relative interaction processes depending on photon energy and atomic number
of absorber. The dashed line at an atomic number of Z = 7 for human tissue emphasizes the area

involved in radiotherapy (from [3], p193).

2.1.2 Radiation Biology

When irradiating human tissue the first phase of interaction are the physical processes de-

scribed in the previous section which occur on a time scale of 10710 s to 10713 s. The
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energy transfer to the tissue in these interactions leads to ionized or excited atoms. Molecules
consisting of these atoms tend to fall apart, creating free radicals, which are highly unstable and
transfer chemical damage to other molecules in their vicinity. Human cells are made up of bio-
logical molecules as proteins, enzymes, lipids, DNA and about 80 % water. If biomolecules are
damaged directly through the radiation field, one speaks of direct radiation effects. Given
that water is the most abundant molecule within the cell, the most free radicals originate from
the radiolysis of water

Hy0 = HyOV + e (2.12)
HyO — HyO* —* OH + H* (2.13)

where the process in the upper equation [2.12] states an ionization and the process in the lower
equation [2.13] an excitation and subsequent fission of a water molecule. If free oxygen is present

within a cell, additional free radicals are produced

H® + 0y = HO; (2.14)
e~ +0s+H" = HO; (2.15)
2HO5 = H202+ Oy (2.16)

and increase the cell’s radiosensitivity.

The oxygen enhancement ratio states the ratio of the radiation dose in hypoxia to the
radiation dose in air, leading to the same biological effect. A fact that has to be considered in
treatment planning therefore is that solid tumors tend to have an oxygen-deprived center due
to insufficient blood supply, which is less sensitive to radiation.

One speaks of indirect radiation effects when the free radicals generate damage in
molecules in their proximity in the chemical phase. This is not critical for the cell’s viabil-
ity when a few molecules of a highly abundant type are destroyed. However, if the DNA gets
attacked, it may lose some specific functions through modification or loss of genes, which are
crucial for survival of the cell. Damages of the DNA can be single-strand breaks, double-strand
breaks or a loss or modification of bases, which group to genes. Strand breaks can be fixed,
although the probability for double-strand breaks to be repaired is much smaller than for single-
strand breaks. A dose of 1 Gy causes about 2-10° ionizations in a cell, which induce about 1000
single-strand breaks and approximately 40 double-strand breaks. Nevertheless due to efficient
repair processes most cells survive. These processes, where free radicals interact with molecules,

occur on time scales of about 1073 s.
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The third phase called biological phase happens on time scales from 1072 s to some years or
even decades and implicates changes in cell metabolism, cell death, gene material mutation and
malignant degeneration of cells.

The key of a successful cancer treatment is selectivity - killing tumor cells while not over-
radiating normal structures. Therefore, the delivery of high dose has to be limited to a possibly
small volume including the tumor. A simplified illustration of the idea for a successful treatment
can be seen in Fig. however, prescribing the dose of the peak of the dashed curve is

not clinical practice, as the damage to normal tissue might reach unacceptable extents. Also,

1.0 -
0.8 Tumour control
o Normal-tissue
© damage
9 0.6 -
5 Complication—free
x control of disease
© 04r \
o \
02}
0.0 1 L PRI |
0 15 30 45 60 75 90

Radiation dose (Gy)

Figure 2.7: Probability of tumor control and normal-tissue damage as a function of radiation

dose resulting in complication-free tumor control (from [6], p154).

the applied dose in external beam radiotherapy is split into daily fractions to allow the repair
mechanisms of the cells to work, although the necessary total dose to the tumor increases with the
number of fractions. This fractionation works because normal structures have a larger ability
to recover than most tumors. Fractionation can be optimized by use of the linear-quadratic
approach, which accounts for normal tissues and tumors showing a difference in response to a

change in dose fractionation [3,6,7].
2.1.3 Linear Accelerator

For creation of megavoltage (MV) beams used in radiotherapy linear accelerators are most
commonly utilized. In contrast to kV beams, MV beams provide a much higher penetration

depth, which offers the possibility to treat deeply situated tumors and additionally the advantage
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of skin sparing through dose build-up effect.

High-energy photon beams produced by a linear accelerator show an energy spectrum com-
parable to kV X-ray beams. The mean energy of the beam can be obtained by applying a thumb
rule and dividing the nominal energy of the beam by 3. Hence a nominal 6 MV beam has a mean
energy of about 2 MeV. The energy, which can be achieved with linacs, is limited through space
constraints to values of about 22 MeV, but is sufficient for treating tumors inside the human
body.

A linear accelerator consists of five main components: the energy supply, the modulator,

the accelerating device, the treatment head and the control unit (see Fig. [2.8). In the mod-

Electron
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gun waveguide transport
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RF power C::igh > couch
generator .
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Figure 2.8: Typical design of a linear accelerator (from [8], p140).

ulator high-voltage pulses are created, which supply the microwave source and the electron
gun. Electrons destined to be accelerated are created in the electron gun from a heated cath-
ode in thermionic emission. The microwave power source, which can be a magnetron or a
klystron, creates powerful radiofrequency waves that accelerate the electrons in the accelerat-
ing waveguide with the radiofrequency power source determining the maximum energy of the
accelerator. There are two types of accelerating waveguides depending on the manufacturer:
travelling waveguides (Elekta), where the wave is propagated along the axis of the guide; and
standing waveguides (Varian, Mitsubishi, Siemens), where the wave is stationary. In both of
them the electron bunches, which are accelerated, have to be steered and focused because of
their tendency to diverge caused by repulsive coulomb forces between the electrons and radial
components of the accelerating field. The most obvious setup would be mounting the tube for

acceleration parallel to the central axis of radiation beam, but for the required high energies
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(> 6 MV) of the electrons this turns out to be impractical in terms of space. Hence the accel-
erating waveguide is mounted perpendicular to the radiation beam and a bending of the beam
of about 90° is necessary. As a 90° dipole bending magnet causes a beam divergence as a re-
sult of energy spread, lateral displacement and beam divergence at the entrance (see Fig. ,

270° bending magnets are utilized.

Result of input Result of input
lateral displacement beam divergence

Figure 2.9: Simple 90°bending magnet (from [6], p212).

The treatment head of the linear accelerator consists of elements for production, shaping
and monitoring the photon or electron treatment beam (see Fig. . Mostly treatment is
performed with photon beams. In order to generate an MV photon beam out of the electron
beam, the electrons hit a (retractable) high atomic number metal target (usually tungsten)
emitting bremsstrahlung as they are decelerated. At MV beam energies bremsstrahlung is
mainly emitted in forward direction, hence the target acts as a transmission target. To obtain a
homogenous beam profile a flattening filter is used (see Fig. . However, nowadays there is
a tendency to remove the flattening filter out of the beam for an increased dose rate and reduced
scatter and leakage radiation [9]. Additionally, a circular primary collimator close to the source
and an adjustable secondary collimator, which is capable to create a square or rectangular field,
are included in the treatment head. The secondary collimator is organized in four blocks, a pair
of them forming the upper and the lower jaws, respectively. An optional multileaf collimator
(MLC) consists of up to 80 pairs of leaves that can move independently and provides the option
to shape the field individually (see Fig. . Transmission ionization chambers are used for
steering of the beam and for dose monitoring and guarantee that the beam output fulfills the

requirements [2, 6, 8].
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Figure 2.10: Diagram of an Elekta treatment head including a multileaf collimator (from [6],
p221).
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Figure 2.11: Comparison of a beam a) with and b) without a flattening filter (from [6], p216)

2.1.4 Imaging in Radiation Oncology

Imaging is employed in state-of-the-art radiation oncology throughout the whole radiother-
The

apy chain, starting with diagnosis, staging, treatment planning and finally execution

implementation of computed tomography imaging in radiation oncology caused a large progress
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in terms of knowledge concerning the target volume and normal tissue structures. Consequently,
three dimensional dose calculations and the conformation of individually shaped target volumes
for patients were enabled. Planning became more complex, but the higher efforts are justified
through enhanced patient outcomes, for example in terms of quality of life or curative rates.
However, an adequate education and common guidelines for tumor and normal tissue definition
are crucial. Functional imaging supplying information concerning biological, metabolic or phys-
iological processes may offer the knowledge for additional improvement of radiation delivery.
For treatment execution the integration of various imaging modalities in the treatment room
assures the accurate delivery of a treatment plan [10], for more details related to image-guided

radiotherapy see section [2.3.2]
2.2 Volume Concepts in Radiotherapy

An important step for a successful treatment is the definition and delineation of volumes,
which are treated to a prescribed dose, as a common language for all professional groups in-
volved in radiotherapy. Introduced in ICRU Reports 50, 62, 71 and finally especially for IMRT

treatments in ICRU Report 83 the following volume concepts provide the basis for planning and

treatment (see Fig. [2.12)).

GTV,CTV, PTV

Gross tumour volume
Clinical target volume
Planning target volume

Figure 2.12: Volumes for planning in radiotherapy according to ICRU Report 50 (from [11]).

GTV

According to ICRU Report 50 the gross tumor volume (GTYV) is the gross palpable or visi-
ble/demonstrable extent and location of malignant growth. Therefore, the GTV may consist of

the primary tumor, metastatic regional node(s), or distant metastasis. For the primary tumor
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and regional node(s) different GTVs are defined normally, except for cases where there can not
be distinguished between both of them. Different diagnostic methods are used to determine the
shape, size and location of the GTV. Clinical examination (inspection, palpation, endoscopy,
...) and several imaging techniques (X-ray, CT, ultrasound, MRI, ...) provide the information
needed to delineate the GTV. Depending on the imaging modalities, which are the basis of the
GTV delineation, the GTV might appear different in size and shape. For precision radiotherapy,
CT and MR scans are the most common techniques to define the GTV. Additionally, positron
emission tomography (PET) or functional MRI are used for contouring and for follow-up exam-
inations. Also, they may provide information about some key biological factors that may have
impact on the treatment outcome, which is a subject of recent and future clinical studies. No

GTYV can be defined in case of complete surgical resection [12,13].

CTV

Outside the GTV there might be tissues that bear risk for microscopic infiltration, which
can not be detected through clinical examination. These tissues have to be irradiated with
sufficient dose also, which leads to an increase of the volume treated to a dose prescription from
the GTV to the clinical target volume (CTV). The CTV, as defined in ICRU Report 50: The
clinical target volume is a tissue volume that contains a demonstrable 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. The CTV is delineated
based on clinical experience, concerning the probabilities for microscopic dissemination according

to oncologic and biological factors [12,13].

PTV

Due to uncertainties in patient setup for treatment, internal organ- and therefore CTV-
motion, variations in shape and size of the CTV and/or variations in beam geometry an irradia-
tion of the whole CTV to the prescribed dose is not possible. Taking these aspects into account
leads to the definition of the planning target volume (PTV) in ICRU Report 50: The planning
target volume is a geometrical concept, and it is defined to select appropriate beam sizes and
beam arrangements, taking into consideration the net effect of all the possible geometrical vari-
ations, in order to ensure that the prescribed dose is actually absorbed in the CTV. The PTV
is stated in relation to a fixed coordinate system as skin marks, bony landmarks or internal

markers. The margin surrounding the CTV that creates the PTV depends on the magnitude
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of the variations in setup and organ motion and may surpass anatomical borders. For prostate
cancer irradiation the CTV-to-PTV margin is often 1 cm, but less in anterior-posterior direction

to spare the rectum. Image-guidance can significantly reduce the required margins [12,13].

OAR

According to ICRU Report 50 Organs at risk (OARs) are normal tissues whose radiation
sensitivity may significantly influence treatment planning and/or prescribed dose. In general all
non-target tissues could be OARs, but usually normal tissues are considered as OARs depending
on their location in relation to the CTV. In terms of functionality OARs are divided into ”serial”,
"parallel” and ”serial-parallel” structures. Serial organs like the spinal cord consist of a chain of
units and if only one of them gets destroyed, it is fatal, because all nerve functions downstream
of that point are affected. Parallel structures like the lung, however, consist of independently
working functional units and the organ will still work when a limited number of them gets
destroyed. The kidney, for example, is an organ which is a combination of both serial and
parallel structures. Hence the properties of proximate OARs create dose-volume constraints for
irradiation, which were mostly obtained from retrospective clinical observations of normal tissue

complications [12,13].

PRV

When defining the OAR volumes uncertainties through setup and organ movement have to
be considered in the same way as for the CTV. Along the lines of creating the PTV now a
volume called planning organ at risk volume (PRV) is defined. Depending on whether the OAR
is of serial or of parallel structure the margin around the OAR is more or less relevant. The
possible overlap of PTV and PRV leads to the application of priority rules and a separation of

the PTV into sub-PTVs with certain dose constraints in the planning process [12,13].
2.3 Advanced Treatment Techniques

Conventional radiotherapy uses simple rectangular treatment fields which are not sufficient
to provide an ideal irradiation according to irregular-shaped tumor volumes. Accordingly, nor-
mal tissue has to be irradiated as well to guarantee that the CTV receives the prescribed dose.
Also, one has to be aware of setup and motion uncertainties which might influence the dose
delivery. With the aim to deliver a possibly high dose to the tumor while sparring the surround-
ing normal tissue and organs at risk new approaches for the delivery of radiotherapy have been

developed. Improvements have been made by using in-room imaging devices and advanced treat-
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ment techniques as three dimensional conformal radiotherapy (3D-CRT), intensity modulated
radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT) [14, 15].

As this work investigates the intrafraction organ and patient movement for patients who
receive IMRT treatments, IMRT and image-guided radiotherapy (IGRT) will be discussed in

more detail.
2.3.1 IMRT

Intensity modulated radiotherapy is a technique which offers an enhancement of conformal
irradiation according to three dimensional treatment planning. IMRT uses treatment fields
with nonuniform photon fluence. This can be achieved by dividing one field into many little
subfields of uniform photon fluence, which can be varied independently. Hence the dose to the
tumor from one direction can be reduced when there is an organ at risk within the treatment
field and the missing dose can be compensated from another direction. Therefore, IMRT deals
well with irregularly-shaped tumors and is able to create concavities in treatment volumes. One
IMRT field may create an inhomogeneous dose distribution in the CTV, but the superposition of
treatment fields of nonuniform photon fluence from different directions finally gives an uniform
dose distribution in the CTV. This approach reduces high dose areas outside the CTV and
therefore supports dose escalation for the tumor (see Fig. [7,14].

Treated

Treated

Figure 2.13: Comparison of 3D-CRT and IMRT: for IMRT treatment the OAR is spared, while
the dose to the CTV is the same (adapted from [7]).

There are different approaches to implement IMRT. The nonuniform photon fluence within
one field can be reached in a traditional way through using compensators within the beam.

These compensators act as absorbers, which show an inverse profile to the intensity profile
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and create the intensity modulation for a single field. However, this technique shows several
drawbacks: compensators have to be fabricated for every single field, they have to be replaced
for each field and therefore require treatment breaks and someone, who enters the treatment
room every time before a new field is applied, and they cause scatter radiation, which increases
the dose outside the field. Hence other techniques have been established in IMRT, which utilize
computer-controlled collimator leaves to adjust the field for treatment. The so-called multileaf
collimators (MLCs) are used in two different ways to vary the time of radiation exposure for a
certain region to create the intensity modulation within a field: the step-and-shoot technique
and the dynamic intensity modulation, also known as sliding-window technique. The step-and-
shoot method is implemented at the Elekta Linac used for the study, which means that the
beam is off, while the leaves of the collimator move to the next position to create and arbitrary
shaped field corresponding to the treatment plan. After the field has been created the beam is
turned on for a certain time calculated by the treatment planning system. Subsequently, the
beam is turned off again and the leaves move to their next position. On the contrary, the field is
shaped utilizing the MLC in dynamic intensity modulation while the beam is on, therefore, the
technique is called sliding-window IMRT'. This method is more complicated to handle, because in
addition to the position, the speed of the leaves has to be monitored as well. However, dynamic

intensity modulation offers the advantage of shorter treatment times [7,16].

As mentioned in the paragraph above treatment planning is essential to master IMRT. Inverse
treatment planning calculates the positions of the leaves and the beam-on times according to dose
requirements in target volumes and organs at risk achieved by clinical objectives. Constraints,
like the prescribed dose to the target volume, the minimum dose to the target volume and
maximum dose values for various OARs defined in advance, provide the basis of an optimization
task, which has to be solved during the treatment planning process. The importance of a
constraint is expressed by its weighting factor. Thus the treatment planning system has to
figure out an optimal agreement between dose constraints, degrees of freedom like the number
of fields and limitations like the impossibility of the implementation of very steep dose gradients,
with the sequencer performing the task to translate the firstly calculated intensity profile derived

during optimization into a deliverable treatment [6,7,17].

As IMRT prolongs the treatment time significantly, it is clinically applied only, if the dose
distribution can be optimized thus far, that an improvement of the treatment outcome, like an

increase of long-term tumor control probability and a reduction of toxicity, can be expected [7].
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2.3.2 IGRT

With the aim to reduce the target volume when irradiating tumors to spare OARs, the
precise alignment of the patient/target volume became more and more important. Especially
for treatments like IMRT, where sharp dose gradients occur, an accurate positioning is essential.
In general, there are different approaches to implement image-guided radiotherapy (IGRT). The
traditional approach is to use the megavoltage (MV) treatment beam and an electronic portal
imaging device (EPID). It is also possible to use this setup as an MV cone beam CT (CBCT).
However, using the treatment beam for imaging does not provide sufficient soft tissue contrast for
alignment of structures like the prostate and causes additionally a high dose to the imaged area.
Therefore, kilovoltage (kV) imaging modalities were placed inside the treatment room. Current
kV systems are CT-on-rails - a conventional CT scanner, which is mounted on rails and can be
moved to acquire scans of the patients on the treatment couch, ceiling/floor-mounted systems
- so called stereoscopic imaging systems are mounted in a steady position in the treatment
room and are able to provide 3D information due to the special imaging geometry, and gantry-
mounted systems - are usually mounted perpendicular to the central axis of the treatment
beam and can be used for planar projection images or as a cone beam CT (CBCT). In this
work position verification was performed with the floor-mounted BrainLAB ExacTrac system
(for further explanation see section . In-room imaging for patient setup decreases inter-
fractional positioning errors, but still one has to face challenges when dealing with intrafraction

motion like organ movement during one fraction [10,14,18,19].
2.4 Margins in Radiotherapy

In highly accurate external beam radiotherapy geometrical uncertainties still emerge.
As patient setup is performed based on markers on the skin, the motion of skin relative to
internal anatomy limits the reproducibility of the setup at the planning CT and leads to a
setup error, showing a random and a systematic component. Due to organ motion with
respect to bony anatomy, additional uncertainties are caused. The systematic component of the
organ motion error originates from the arbitrary position of the organ during the planning CT
scan, the random component from the variation of the position for different fractions or during
one fraction.

Hence margins are utilized to deal with errors that occur in treatment planning and execu-
tion. As already mentioned in section the CTV is expanded with a safety margin to obtain
the PTV, which is given a high dose to ensure that the CTV receives the required dose despite
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Table 2.1: Determination of group systematic error, M, standard deviation of the systematic error,
Y., and standard deviation of the random error, o, e.g. from values for a shift in one direction

(from [20]).

Patientl Patient2 Patient3 Patient4

Day 1 2 4 1 3
Day 2 1 -2 -1 -3
Day 3 1 2 2 -2
Day 4 1 0 2 1

/" Mean = M = 0.75
Mean 1.25 1 1 -0.25

N\, SD =X = 0.68
SD 0.50 2.58 1.41 2.75 — RMS =0 = 2.03

the presence of geometrical errors, considering the fact that an increase of the target volume
leads to a high-dose irradiation of normal tissue as well. Therefore, margins should be suffi-
cient, but not excessive. Calculating margins for treatment, one has to be aware that random
deviations cause a blurring of the dose distribution, while systematic deviations shift the dose
distribution (see Fig. . Therefore, a systematic error is much more critical, a fact that will
be accounted for in van Herk’s formula for margin calculation.

Following the recipe of van Herk for margin calculation, for each patient the mean and the
standard deviation of an error, e.g. a shift in one direction, for the whole treatment course are
calculated. Out of the mean values for each patient the overall mean error (group systematic
error), M, and the standard deviation of the systematic error, X, for all patients are determined.
The standard deviation of the random error, o, is obtained as the root mean square of the
individual standard deviations (see Tab. for recipe).

To assure that the minimum cumulative CTV dose is at least 95 % of the prescribed dose

for 90 % of the patients van Herk’s formula for the margin
Margin = 2.5% 4+ 0.70 (2.17)

is applied.

The use of image guidance for patient setup helps to reduce the CTV-to-PTV margins.
However, even the best image-guidance systems cannot eliminate all variations, due to the fact
that they have uncertainties themselves and the deformation of the patient’s anatomy cannot

be eliminated.
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Errors also occur as a result of delineation uncertainties of the GTV caused by limited
resolution of imaging modalities, inter- and intraobserver variations, interpretation differences
between imaging modalities and the application of different or unclear guidelines for target
volume delineation. All these components lead to a systematic error in irradiation of a patient,
because they influence the whole treatment series. The CTV is made up of the GTV and regions
with suspected microscopic tumor. Due to the unknown extent of the microscopic tumor

this is also a source for a systematic error [20, 21].

a)

ol

dose
CTV

CTV ‘r“
- dose

Figure 2.14: Impact of a) random and b) systematic geometrical uncertainties on the dose

b)

distribution (from [21]).

2.5 Prostate Cancer

Prostate cancer is the most frequent cancer in men with a cumulative risk of incidence from
age 0-74 of 7.8 % in the more developed areas. The highest detection rates occur in developed
countries because of the application of the prostate-specific antigen (PSA) testing, which en-
ables an early detection. In comparison, the mortality rates for prostate cancer are the highest
in developing countries [22].

The prostate is an approximately chestnut-sized gland located in the pelvic region, caudal of the
bladder and anterior of the rectum, through which it can be palpated. For a high percentage
of men a benign increase of the prostate (benign prostatic hyperplasia) emerges at higher ages,
starting with an age of about 55 to 60 [23]. For prostate cancer diagnosis digital rectal examina-
tion, PSA assessment (where a PSA-level above 4 ng/ml usually leads to a subsequent biopsy),
transrectal ultrasound, biopsy, CT- and MR-~imaging are utilized. Prostate carcinomas are usu-
ally located in the peripheral regions of the prostate and can therefore be detected through a

rectal examination.
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Figure 2.15: Prostate anatomy!.

1Picture of the Prostate. Digital image. WebMD, 2009. Web. 7 July 2011.

95 % of all prostate carcinomas are adenocarcinomas. The degree of malignity of an ade-
nocarcinoma is stated by use of different grading and staging schemes. The Gleason grading
scheme provides information about the microscopic appearance of the tumor. The Gleason scale
extends from 1 to 5, where a Gleason grade 1 tumor resembles normal prostate tissue and a
Gleason grade 5 tumor shows undifferentiated cancer cells. The tumor’s two most prominent
structures are rated to account for different Gleason patterns within the carcinoma and summed
up to the Gleason Score, which consequently ranges from 2 to 10. The higher the Gleason score
the higher is the rate of growth and the probability for extra-capsular extension and metastasis
of the tumor [7].

Another method for tumor staging is TNM staging, where the risk for lymph node metastasis
and distant metastasis is also assessed. T describes the size and location of the primary tumor
(see Fig. 2.16)), N the involvement of regional lymph nodes and M distant metastasis [7,24].

The treatment options for prostate cancer are watchful waiting, surgery, brachytherapy and
external beam radiotherapy, depending on the staging of the tumor. Treating prostate cancer
with IMRT offers the advantage of higher doses for improvement of cancer control rates beside

a reduction of side effects induced through the treatment [25].
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1Diagram showing T1-3 stages of prostate cancer. Digital image. CancerHelp UK. Web. 7 July 2011.

2Diagram showing stage T4 prostate cancer. Digital image. CancerHelp UK. Web. 7 July 2011.



3 Material and Methods

3.1 Position Verification for Prostate Cancer Treatment
3.1.1 Gold Markers

Using bony landmarks for aligning the patient before an IGRT treatment fraction turned out
to be not the optimum in case of prostate cancer irradiation. In other words, due to the varying
position of the prostate gland with respect to bony anatomy caused by differing filling of the
proximate organs rectum and bladder, a positioning based on bony landmarks introduces quite
remarkable uncertainties limiting dose escalation [26]. Concerning the fact that the prostate
gland cannot be represented on MV images and planar kV images because of the limited soft
tissue contrast of the modalities, other techniques were established. The most promising ones
in terms of workflow at the linear accelerator are the implantation of radio-opaque markers
into the prostate in combination with kV-imaging [26-32], the implantation of electromagnetic
transponders [33] and the use of CBCT scans [26, 32, 34].

Tracking the prostate’s motion by utilization of electromagnetic transponders requires equip-
ment, which is not available at the Medical University of Vienna/AKH. The daily use of CBCT
scans causes a quite high extra dose burden [35] and is in comparison to kV-imaging using fidu-
cial markers more time-consuming and needs more physician input [32]. Hence the intrafraction
prostate motion was investigated by use of three implanted gold markers in combination with
stereoscopic imaging (see section in this study [36,37]. Three fiducial gold markers with
1.2 mm diameter and 3 mm length (comparable to Fig. distributed by CP Medical, Inc.,
were implanted transperineally into the prostate of each patient by use of mask narcosis and
transrectal-ultrasound and C-arm-fluoroscopy guidance. One marker was placed in the apex of
the prostate and the remaining two ones at the base of the prostate (close to the bladder). The
procedure was performed 3 to 4 weeks in advance of planning CT and treatment start to account

for possible induced oedema of the prostate right after insertion [26].
3.1.2 BrainLAB ExacTrac

ExacTrac is a system for stereoscopic radiographic imaging in the treatment room. It uses
two kV X-ray tubes, mounted in the floor, that project on two opposite 20 x 20 cm? flat panel
detectors, which are mounted on the ceiling (see Fig. [3.2). The setup geometry provides a

distance from the X-ray tube to the detector on the opposite side of approximately 360 cm and

27
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Figure 3.1: Fiducial gold markers used for target localization®.

11ZI Gold Fiducial Markers. Digital image. IZI Releases New Product Lines! IZI Medical Products. Web. 22 July 2011.

a distance of 234 cm from the X-ray tube to the isocenter of the linear accelerator. Stereoscopic
images acquired with ExacTrac allow patient positioning based on bony landmarks or implanted
markers. The precision of a stereoscopic patient setup according to the prostate’s position
determined through fiducial markers in the target organ is equal to the precision of a setup

based on 3D images as Logaddéttir et al. reported [37].

For controlling the position of the treatment couch in real-time an infrared (IR) tracking
system consisting of two IR cameras and one video camera is also included in the setup. With
IR-reflecting markers on the skin of the patient or a reference star mounted on the couch, the

couch movement for initial setup and position correction is steered [19].

Figure 3.2: Setup of the ExacTrac system!.

'ExacTrac® System. Digital image. ExacTrac® IGRT General Overview. Brainlab. Web. 14 May 2010.
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Definition of Directions and Axes of Rotation

The coordinate system used for monitoring the patient has its origin in the isocenter of the
linac. The vertical axis (z-axis in Fig. states a displacement in anterior-posterior direction.
Above the isocenter is the positive region, underneath the negative. The lateral axis (x-axis in
Fig. states sinister-dexter displacements with the positive range being sinister (towards tube
2) and the negative range being dexter (towards tube 1) from the isocenter. The longitudinal
axis (y-axis in Fig. goes alongside with the 0°-position of the treatment couch and states
a displacement in cranial-caudal direction. The range from the isocenter towards the linac is

defined as positive, the direction away from the linac as negative.

The vertical angle states a rotation around the vertical axis, which is strictly speaking a
table rotation and defined as positive, when it is counterclockwise. A rotation around the
longitudinal axis, also called a roll (defined as positive when right side up, left side down from
the patient’s point of view), is stated through a longitudinal angle. The lateral angle states
a rotation around the lateral axis, which is also called tilt (defined as positive when head up,
feet down from the patient’s point of view) [31,38]. At the Elekta Precise linac utilized for this

study rotational errors can be measured through the ExacTrac system, but not corrected.

Figure 3.3: Definition of axes at the ExacTrac system (from [38]).
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Table 3.1: Patient statistics.

Pyo. Age BMI T a/bje N M GS  PSA +LN Dp, Dpa

[yrs] [ng/mi] (%] Gy [Gy]
IMRT 1 66 379 3 X X 6 58.0  38.7 78  50.4
2 68 327 3 X X 6 270 180 78  50.4
3 84 27.8 1 C X X 7 12.7 18.4 78 504
4 74 26.1 2 c X X 9 32.3 51.5 76 504
5 77 277 2 a X X 7 17.0 214 78 504
6 60 255 2 C X X 6 34.0 22.7 78  50.4
7 72 25.1 1 ¢ X X 6 15.8 10.5 78 504
8 77 315 1 c X X 7 11.1 174 74 450
9 73 284 2 a X X 8 7.6 25.1 78 504
10 73 30.1 1 ¢ X X 9 20.7 43.8 78 504
11 73 234 2 a X X 7 26.4 27.6 78 504
12 75 248 3 b X X 8 12.6 284 78 504
4field box 13 83 339 2 X X 7 78
14 58 45.0 1 c X X 7 5.4 13.6 78
15 76 221 1 C X X 6 5.8 3.9 78
16 72 31.2 1 ¢ X X 7 5.8 13.9 78
17 60 198 1 c X X 6 5.7 3.8 78

3.2 Treatment Planning

17 patients with localized prostate cancer treated with radiotherapy at the Medical Univer-
sity of Vienna/AKH from October 2010 to May 2011 were included in this study. Treatment
technique, patient number (Py, ) and age, body mass index (BM1I), TNM staging, Gleason
score (GS), initial prostate-specific antigen level (PSA), risk for pelvic-lymph-node metastases
(+LN) and dose prescription for PTV prostate (Dpy,) and PTV pelvis (Dp.;) for each pa-
tient are shown in table Patients with an increased risk for pelvic-lymph-node metastases

+LN > 15 % determined through Roach formula [39]
+ LN =2/3-PSA+(GS—6)-10 (3.1)

received an IMRT treatment where the pelvic lymph nodes were irradiated additionally. For
patients with a risk for pelvic-lymph-node metastases below 15 % PTV prostate were treated
with a four-field box technique.

Patients were scanned in supine position with a knee support in a Siemens Somatom Plus 4
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Volume Zoom CT, Erlangen, one to two days before treatment start. Supine positioning is
favorably in terms of patient comfort, prostate movement and dose levels for small bowel, rectal
wall and bladder wall as Boehmer et al. reported. The additional use of a knee support reduces
the dose to the rectum significantly compared to a setup without a knee support [26]. A slice
thickness of 2 mm was chosen for a sufficient detection of the markers. Furthermore, the patients

were told to have a comfortably filled bladder and an empty rectum.

Additionally, a 40 cc endorectal balloon (ERB) (Nordmann, Riisch AG, Kernen, Germany)
was used to spare the rectal wall and to immobilize the prostate (see Fig. [3.4). Smeenk et
al. [40] reported reduced rectal and anal wall doses in planning studies when using an ERB, but
results of comparative clinical studies are still required. An issue is a possible relaxation after
the insertion of the ERB, which might occur when irradiation of the patient has already started.
Therefore, the immobilizing properties of the ERB should be further investigated, as well as the
interfraction reproducibility of its position and shape. According to Both et al. [41] an ERB
reduced the prostate motion in all directions except for the lateral direction, where the prostate
motion is the smallest anyway, in comparison with a non-ERB setup for a mean treatment time

of 4 minutes.

Figure 3.4: Endorectal balloon utilized for prostate immobilization and rectal wall sparing (from

[40)).

All patients were treated with a prescribed dose of 78 Gy in 39 fractions, except for two

IMRT patients receiving a dose of 76 Gy and 74 Gy, respectively.
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Table 3.2: Dose-volume constraints for OARs for prostate IMRT up to 78 Gy.

Rectum Bladder = Femoral heads Small intestine
V30Gy - < 80 % - -
V50Gy <50 % <50 % <5% <15 %
V55Gy - <45 % - -

V60Gy <45 % - - -
V65Gy < 40 % - - -
V7i0Gy <20% <20 % - -
Dpaz < 85.8 Gy < 85.8 Gy < 60 Gy < 56 Gy

For the IMRT patients a boost of 22 Gy was delivered to the PTV prostate in 11 fractions
and for the remaining fractions the PTV consisted of prostate and pelvic lymph nodes.

The 4-field box treatment included a 10 Gy boost in 5 fractions. All fractions were delivered
to the PTV prostate.

Isotropic margins of 10 mm were applied, except for the boost where the margin in posterior
direction was 5 mm to spare the rectal wall, for both, IMRT and four-field box treatment.

For IMRT planning the Monaco V 2.0.4 planning system was utilized. For the beam energy
10 MV were chosen, the MLC width was 1 cm, the grid spacing 4 mm and the beams were
arranged equidistantly. A plan was accepted when the criteria were met that 95 % of the PTV
received at least 95 % of the prescribed dose, the dose maximum was below 110 % and the
medium dose below or equal 103 % of the prescribed dose and the dose constraints for OARs
(see Tab. were fulfilled.

The boost for the PTV prostate was performed as a 9-field IMRT for 3 patients and then
changed to the new clinical standard, a 5-field IMRT, for the last 9 patients. The irradiation
of the PTV including the prostate and the pelvic lymph nodes was delivered through a 9-field
IMRT, where the prostate (with a CTV to PTV margin of 10 mm) received a simultaneous
integrated boost of 56 Gy and the pelvic PTV a dose of 50.4 Gy in 28 fractions. Sample dose
distributions for 5-field boost IMRT, 9-field pelvic IMRT and 4-field box treatment are shown

in Fig.
3.3 Treatment Fractions

All treatments were performed with an Elekta Precise linac (see Fig. [3.6]). For every fraction

the patients were immobilized in supine position utilizing a knee support on the treatment couch
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(a) 5-field boost IMRT

(c) 4-field box

Figure 3.5: Sample treatment plans.
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Figure 3.6: Linac and ExacTrac system at the Medical University of Vienna/AKH.

according to the clinical protocol. As for planning they were told to have a comfortably filled
bladder and an empty rectum. The 40 cc endorectal balloon was daily inserted into the rectum.

The boost fractions, where the PTV and the margin in posterior direction were smaller and
therefore the immobilization of the prostate was crucial, were scheduled as the first 11 fractions
within the treatment series to tackle the issue that particular patients could not bear the balloon

after some fractions.

Imaging and Setup Protocol

After the first setup based on skin marks utilizing the in-room lasers, the patients were imaged
using the ExacTrac (BrainLAB AG, Feldkirchen, Germany) stereoscopic imaging system (see
Fig. . Depending on the figure of the patient the protocol ” Abdomen Standard” (120 kV,
160 mA, 130 ms) or the protocol ” Abdomen Heavy” (145 kV, 160 mA, 160 ms) was chosen.

The couch movement for initial setup and position correction was controlled through an
infrared tracking system using a reference star mounted on the couch.

For position verification the ExacTrac images were fused with reconstructions of the plan-
ning CT and, based on this information, the correction for the couch position was calculated
automatically. For the prostate cancer patients evaluated in this work the fusion was carried out

according to the position of the three gold markers within the prostate. Generally, the markers,
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(a) right posterior oblique (b) left posterior oblique

Figure 3.7: Images acquired with the ExacTrac system showing fiducial markers and the endorec-

tal balloon.

which have to be defined once in the planning CT data, are detected through the system and
the corresponding values of displacement, which are the basis for couch movement, are stated.
A problem occurred when the markers were placed inappropriately (too close to each other)
or migrated. Then the automatic detection did not work. The fusion had to be carried out
manually and the RTTs had to compromise about the best match for all 3 markers. In this case
positioning was not that accurate, because an optimal match was not possible. Also, the system

did not deliver any values for rotation.

The imaging data of each fraction was stored and provided the possibility of a retrospective

adjustment based on other quantities, like bony landmarks or the endorectal balloon.

The treatment couch was shifted manually, when the translational error in one or more
directions exceeded a tolerance limit, which was 3 mm for this study as this is the standard for
clinical practice. If the patient had to be shifted, verification images were acquired and if the
displacement for all directions was within the tolerance limit, the irradiation was started. Using
the ExacTrac system, images can be taken also during the treatment, but one has to consider

that at gantry angles different from 0° the gantry may interfere with the image-taking process.

To evaluate intrafraction motion the patients were imaged during (approximately at halftime)
and after the treatment for IMRT fractions in order to obtain a time trend of the current position
of the prostate and the bony anatomy. For the 4-field box fractions imaging was performed just

after the treatment. 3-4 image pairs were acquired in every IMRT fraction and 2-3 ones in every
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4-field box fraction, respectively. The average time requirement for imaging was approximately
5 min.

In exceptional cases, where the displacement of the patient after the first setup correction
utilizing the ExacTrac system still exceeded the 3 mm tolerance, another correction was per-
formed and a verification image pair taken. Owing to these circumstances the overall number
of image pairs per fraction increased to more than 4 for IMRT and more than 3 for 4-field box.
Marker /prostate and bone drifts were evaluated as a function of treatment time for 587 treat-
ment fractions, where the prostate motion was obtained from the gross marker motion through
subtracting the bone motion.

As the reproducibility of the endorectal balloon’s position is an issue, the position of the
balloon in relation to its position in the planning CT was investigated as well. The balloon
is perfectly represented on the images acquired with the ExacTrac system (see Fig. , but
unfortunately not visible at all on the reconstructed images from the planning CT used for
fusion. As a retrospective delineation of the balloon was impossible, the balloon was delineated
in the planning CT data for 4 additional patients. The fusion of the images was carried out
manually based on the position of the balloon to gain values for the displacement of the balloon
with respect to bony anatomy.

3.4 Margin Calculation

Margins accounting for the remaining positioning errors after setup correction and intrafrac-
tional prostate and whole-patient motion were calculated based on the values for displacement
after treatment delivery according to the van Herk formula (see equation [2.17)) [20] for IMRT

boost, IMRT pelvic and 4-field box fractions, respectively.



4 Results

More than 2100 image pairs for 587 treatment fractions acquired with the ExacTrac system
were evaluated as a function of treatment time. 413 IMRT fractions and 174 4-field box fractions

were investigated.
4.1 IMRT Treatment

Mean treatment delivery time, number of fields, number of segments and monitor units
(MUs) for the boost and pelvic IMRT of each patient can be seen in Tab. In Fig.
the intrafraction whole-patient displacement for 5-field and 9-field IMRT fractions is shown as
a function of treatment time. Each type of colored symbol represents the data concerning one
patient. The initial bony anatomy position was assumend to be zero in lateral, longitudinal
and vertical direction, respectively. Images were acquired before, during and after a treatment
fraction. Hence one has to keep in mind that it is impossible to track each single movement of
bones or prostate with this method. The positions of bones and markers in the images represent
just snapshot, but taking many snapshots at random positions gives an estimation of the real
long-term intrafraction motion. However, short-term variations in the order of seconds cannot

be traced [28,42].

Having a closer look at Fig. it is apparent that whole-patient motion is strongly patient
dependent (e.g. the patient represented through red triangular symbols was moving quite ex-
tensively compared to other patients). In lateral direction (see Fig. , meaning that the
patient is moving to the right (-) or to the left (4), the largest displacement was 11 mm. The
patients depicted by the smoky blue diamond and the red triangle moved more than the others.
In longitudinal direction (see Fig. [4.1(b)|), where (+) states a motion in cranio-caudal direction
towards the linac and (-) from the linac away, bone movement was the smallest, but again for the
patient symbolized through the red triangular symbol in the majority of cases the largest. The
largest value measured in longitudinal direction was 4 mm. In vertical direction (see Fig. ,
meaning a motion in anterior-posterior direction where the patient is moving his hips up (+) or
down (-), the largest displacement of 12 mm for the whole series was measured. For motion in
vertical direction the patient represented by red triangles was remarkably outstanding because
of consistently much larger bone drifts as for all other patients, who seemed to move slightly

down during a fraction.

37
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Figure 4.1: Net bone drifts for IMRT treatments: images were taken at half-time and at the
end of a fraction and corrected for the position of bony anatomy at the begin of the fraction right

before irradiation start.



4.1. IMRT TREATMENT 39

Table 4.1: Number of fields, number of segments, MUs and mean treatment delivery time ¢ for

boost and pelvic IMRT treatment of each patient.

Pyo. Boost IMRT Pelvic IMRT
Fields Segments MUs t¢[min] Fields Segments MUs t[min]

1 9 74 557 16.9 9 96 602 18.0
2 9 50 472 15.2 9 100 716 18.0
3 9 46 441 13.0 9 72 477 14.3
4 5 42 391 12.2 9 87 533 17.5
5 ) 29 354 9.2 9 70 515 14.6
6 ) 34 373 9.8 9 74 602 15.9
7 ) 29 332 7.6 9 89 691 17.1
3 5 50 395 10.6 9 64 530 14.7
9 ) 42 344 11.4 9 87 754 17.2
10 ) 42 375 10.2 9 87 594 16.3
11 5 33 316 7.8 9 93 656 17.0
12 ) 30 308 8.1 9 74 474 14.3

Net marker drifts were obtained through correction of the marker positions during and after
the treatment for setup tolerance and whole-patient motion. In contrast to bone drifts, marker
(i.e. prostate) drifts were less dependent on patients and showed a significant increase with
treatment time in longitudinal and vertical direction (see Fig. [4.2). In lateral direction the
prostate stayed rather stable for all patients in almost all fractions (see Fig. [4.2(a)). The largest
motion in lateral direction occurred in a particular case and was of a magnitude of 7 mm.
In comparison to the movement in lateral direction the motion in longitudinal direction (see
Fig. [4.2(b)) generally was much larger, however, the peak value was also 7 mm. For the whole
patient population it seemed that for longer treatment fractions the prostate moved slightly
caudal during the treatment. The largest prostate motion was in general measured in vertical
direction, with a maximum value of 8 mm (see Fig. . Also, the prostate seemed to move
slightly posterior for longer treatment fractions.

3D bone and marker drifts were calculated from the values for the single directions lateral,
longitudinal and vertical (see Fig. . In general, the bone displacement increased as a function
of treatment time and was strongly patient dependent (see Fig. |4.3(a)). The patient depicted
by the red triangular symbols was again outstanding because of the largest deviations from his

initial position with a peak value of 13 mm. On average the bony anatomy was shifted about



40 CHAPTER 4. RESULTS

«

. A . * ot
N .
1 -
| " A%y e A 3 A A -
. A N M

Displacement [mm]
o

&

20 25

10 15
Treatment time [min]

(a) lateral direction

Displacement [mm]

20 25

10 15
Treatment time [min]

(b) longitudinal direction

Displacement [mm)]
o

20 25

10 15
Treatment time [min]

(c) vertical direction

Figure 4.2: Net marker drifts for IMRT treatments: images were taken at half-time and at the

end of a fraction and corrected for whole-patient motion and setup tolerance.
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2.5 mm in 20 min. In contrast to 3D bone drifts, 3D marker drifts were less patient dependent
and showed a much uniformer distribution with respect to the values for single patients (see
Fig. . The maximum value of 9 mm achieved for marker drifts was remarkably smaller
than the peak value for the whole-patient motion, although the average 3D marker drift was

about 3 mm after 20 min treatment time.
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Figure 4.3: Comparison of 3D bone and marker drifts for IMRT treatments.

Trends for standard deviations of prostate and patient motion are shown in Fig. [£.4] and

Fig. Every point in the figures represents the standard deviation before, during or after
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a treatment fraction for a single patient and all treatment fractions of one type. The light
green dots represent the 5-field boost IMRT fractions characterized through shorter treatment
times (the maximum average treatment time was 12 min) compared to the 9-field pelvic IMRT
fractions, symbolized through blue squares, with a maximum average treatment delivery of about

18 min.

The SD for the bone drifts was following the trend line about 1.2 mm after a treatment
time of 18 min in lateral direction (see Fig. . On average the largest bone movement
occurred in lateral direction. A value of 3.1 mm was obtained as the largest SD after treatment
for a patient receiving a 5-field boost treatment series. The smallest bone motion occurred in
longitudinal direction (see Fig. |4.4(b)|), where the maximum value of about 1.2 mm for the SD
of the bone shift after treatment delivery was again obtained for a 5-field boost treatment series.
Following the trend line for longitudinal direction the SD resulted in a value, slightly larger than
0.5 mm after a treatment time of 18 min. The largest SDs of the bone drift during and after
treatment delivery were measured in vertical direction with values of about 2.9 mm and 3.6 mm,
respectively, for a patient receiving a 9-field pelvic IMRT (see Fig. . According to the

trend line the average SD after a treatment time of 18 min is about 1 mm.

As the tolerance for patient positioning was 3 mm in every direction an initial SD occured
for the prostate’s position in every direction (see Fig. |4.5). In lateral direction the average
initial SD of the prostate’s position was lowest and about 0.8 mm (see Fig. 4.5(a)). For longer
treatment times up to 18 min there was only a slight increase to about 1 mm. The peak value
for the SD of the marker positions in lateral direction was 1.5 mm. In longitudinal direction the
initial average SD of the markers’ position resulted in about 0.9 mm (see Fig. . Over the
treatment time it showed a much steeper increase than for lateral direction to about 1.8 mm
at a time of 18 min. The maximum value for the SD of the prostate’s position resulted in
approximately 2.6 mm. The average SD for the prostate’s position before irradiation start was
the largest in vertical direction, reaching a value of about 1.2 mm (see Fig. . For longer
treatment times it increased steepest to about 2.2 mm at a time of 18 min. Also, the peak value
of the SD of the markers’ position for a patient after 9-field pelvic IMRT delivery was the largest

of the series, with a value of about 3.4 mm.

A comparison of the trend lines of the SDs of marker and bone drifts is shown in Fig. [4.6
Apparently the SDs for particular directions show different behaviour for prostate and bone

motion, respectively. The SDs of the prostate’s position started at larger values because of the
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setup tolerance. For lateral direction the SD of the markers’ position was lowest and was on
average already exceeded by the SDs of the bone drifts in lateral and vertical direction at a
treatment time of 18 min. Having a look at the SDs of the bone drifts, the lowest values were

obtained in longitudinal direction.
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Figure 4.6: Standard deviations of marker drifts (solid lines) and bone drifts (dashed lines) as
a function of treatment time for IMRT fractions in comparison. Initial standard deviations for

marker drifts due to 3 mm setup tolerance.

The median, minimum, maximum and lower- and upper quartile values of the bone drifts
after treatment delivery for all patients are shown in Fig. [£.7 and Fig. for the boost IMRT
fractions and the 9-field pelvic IMRT fractions, respectively. The values for the marker drifts
after treatment delivery can be seen in Fig. and Fig. for the boost IMRT fractions and
the 9-field pelvic IMRT fractions, respectively.

4.2 Four-Field Box Treatment

For four-field box treatments images were only taken in advance of irradiation start and after
treatment delivery due to generally short treatment times (on average 5.4 min). In Fig.
the intrafraction whole-patient displacement for 4-field box fractions is shown as a function of
treatment time. Net marker drifts for 4-field box treatments are displayed in Fig. while
Fig. [4.13] gives an overview of 3D bone and marker drifts.

In Fig. the SDs of the bone drifts are shown for lateral, longitudinal and vertical

direction, respectively. In lateral direction the SD for bone motion was the largest with a peak
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Figure 4.7: Median, minimum, maximum and lower- and upper quartile values of the bone drifts

after treatment delivery for all patients for boost IMRT fractions.
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Figure 4.9: Median, minimum, maximum and lower- and upper quartile values of the marker

drifts after treatment delivery for all patients for boost IMRT fractions.
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minimum, maximum and lower- and upper quartile values of the marker

drifts after treatment delivery for all patients for 9-field pelvic IMRT fractions.
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Figure 4.11: Net bone drifts for 4-field box treatments: images were taken at the end of a fraction

and corrected for the position of bony anatomy at the begin of the fraction right before irradiation

start.
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Figure 4.12: Net marker drifts for 4-field box treatments: images were taken at the end of a

fraction and corrected for whole-patient motion and setup tolerance.
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Figure 4.13: Comparison of 3D bone and marker drifts for 4-field box treatments.

value of about 1.4 mm. Following the trend line an average value of 1 mm was obtained at a
treatment time of about 6 min (see . In longitudinal direction the movement of bony
anatomy was smallest with a maximum value of approximately 0.8 mm and an average value of
about 0.5 mm at a treatment time of 6 min, gained through the trend line (see Fig. [4.14(b)).
The peak value for the SD of bone motion in vertical direction resulted in about 0.9 mm (see

Fig. [4.14(c)). Following the trend line for vertical direction an average SD of about 0.7 mm

occured at a treatment time of about 6 min.
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Figure 4.14: Standard deviations of bone drifts for each 4-field box patient before and after

treatment delivery.
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Table 4.2: Bone intrafraction motion: group systematic error, M, standard deviation of the
systematic error, X, and standard deviation of the random error, o, for 5-field boost IMRT, 9-field

pelvic IMRT and 4-field box treatments in lateral, longitudinal and vertical direction, respectively.

5-field IMRT 9-field IMRT 4-field box

[mm] lat long vert lat long vert lat long vert

M 0.1 0.1 -05 0.2 02 -12 0.2 0.1 -0.1
by 0.7 03 04 09 03 11 0.3 0.2 02
o 1.2 06 05 09 05 1.3 1.0 0.5 0.7

The initial SD of the prostate’s position for four-field box treatments in Fig. is due to
the setup tolerance of 3 mm in every direction. The average initial SD of the prostate’s position
was about 1 mm in lateral direction (see Fig. |4.15(a)|). Following the trend line an average
value of approximately 1.2 mm was obtained at a treatment time of 6 min. Hence there was
only a slight increase of about 0.2 mm for a treatment time of 6 min. In lateral direction the
maximum value for the SD of the marker positions was 1.8 mm. In longitudinal direction the
initial average SD of the markers’ position resulted in about 1.1 mm (see Fig. . It
showed a steeper increase compared to lateral direction to about 1.8 mm at a treatment time
of 6 min. The peak value for the SD of the prostate’s position after treatment delivery was
about 2.5 mm. The initial average SD of the markers’ position in vertical direction resulted in a
value of approximately 1 mm (see Fig. 4.15(c)]). The trend line in vertical direction showed an
increase with treatment time to about 1.7 mm at a time of 6 min. A maximum value of 2.3 mm
was obtained for the SD of the markers’ position in vertical direction for a patient after 4-field

box irradiation delivery.
4.3 Overview of Uncertainties

The mean systematic error, M, the SD of the systematic error, 3, and the SD of the random
error, o, for bone intrafraction motion at the end of a treatment fraction are shown in table
for 5-field boost IMRT, 9-field pelvic IMRT and 4-field box treatments. To obtain the net
whole-patient movement the initial position of the bony anatomy was defined as 0, 0, 0 in lateral,

longitudinal and vertical direction, respectively.

Table shows the mean systematic error, M, the SD of the systematic error, X, and the SD
of the random error, o, after daily fractions for prostate intrafraction motion for 5-field boost

IMRT, 9-field pelvic IMRT and 4-field box treatments. The markers’ position obtained through
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Figure 4.15: Standard deviations of marker positions for each 4-field box patient before and after

treatment delivery.
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Table 4.3: Marker intrafraction motion (corrected for whole-patient movement and setup toler-
ance): group systematic error, M, standard deviation of the systematic error, ¥, and standard
deviation of the random error, o, for 5-field boost IMRT, 9-field pelvic IMRT and 4-field box

treatments in lateral, longitudinal and vertical direction, respectively.

5-field IMRT 9-field IMRT 4-field box

[mm] lat long wvert lat long vert lat long vert

M 0.1 00 01 00 -05 -0.2 -0.1 04 0.1
X 0.2 0.5 07 0.2 1.2 13 0.1 0.6 0.5
o 0.5 1.1 1.5 0.7 1.7 1.9 07 1.5 1.2

Table 4.4: Marker displacement after treatment fraction: group systematic error, M, standard
deviation of the systematic error, 3, and standard deviation of the random error, o, for 5-field
boost IMRT, 9-field pelvic IMRT and 4-field box treatments in lateral, longitudinal and vertical

direction, respectively.

5-field IMRT 9-field IMRT 4-field box

[mm] lat long wvert lat long vert lat long vert

M 0.1 02 -09 04 -04 -16 04 0.9 -0.2
D) 1.0 06 09 1.3 1.5 20 04 1.1 1.2
o 1.7 1.5 2.0 14 1.9 23 18 1.8 1.9

the ExacTrac system was corrected for setup tolerance and whole-patient motion to obtain the
net intrafraction motion of the prostate.

The mean systematic error, M, the SD of the systematic error, ¥, and the SD of the random
error, o, after a daily treatment fraction are shown for the gross prostate displacement in table
[4.4]for 5-field boost IMRT, 9-field pelvic IMRT and 4-field box treatments. The impact of whole-
patient movement and setup tolerance to the positioning error after the delivery of a fraction is

already included in the calculated data.
4.4 Implications for Margins

Margins accounting for intrafraction prostate and patient motion as well as for uncertainties
caused through the 3 mm setup tolerance were calculated according to van Herk’s formula
(Equ. for 5-field boost IMRT, 9-field pelvic IMRT and 4-field box treatments based on
the data from table respectively. For 9-field pelvic IMRT and 4-field box treatments the

margins are smallest in lateral direction and largest in vertical direction. In contrast, for 5-field
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Table 4.5: Margins accounting for intrafraction motion and setup tolerance.

Margins [mm) Mean treatment No. of evaluated

lat long  vert time [min] fractions
5-field IMRT 3.7 26 3.6 9.7 (7.6-12.2) 96
9-field IMRT 4.2 5.1 6.6 16.2 (14.3-18.0) 317
4-field box 2.2 3.9 4.3 5.4 (4.9-6.4) 174

currently used 10 10 10/5

Table 4.6: Contributions to margins for IMRT and 4-field box treatments.

Margins [mm)|

lat long vert

5-field IMRT 3.7 26 3.6
setup error 1.5 1.8 2.0
bone motion 2.7 1.1 1.3
marker motion 0.9 20 29
9-field IMRT 4.2 51 6.6

setup error 1.8 1.5 2.2
bone motion 3.0 1.1 3.6
marker motion 1.1 4.3 4.5
4-field box 22 39 43
setup error 1.2 1.7 22
bone motion 1.4 09 1.0

marker motion 0.8 2.6 2.1

boost IMRT the obtained margins are largest in lateral direction and smallest in longitudinal
direction, but show only differences in the order of one to two milimeters (see Tab. . To
evaluate this issue margins calculated for the single net contributions to the overall prostate’s
location uncertainty, which are setup error, net bone motion and net prostate movement,

are shown in table
4.5 Endorectal Balloon

The day-to-day variation of the balloon’s position after insertion was qualitatively analysed
for 4 patients. Therefore, the ERB was delineated in the planning CT, which enabled a matching
according to the balloon’s position with the ExacTrac system. The position of the balloon was

determined relative to bony anatomy at the begin of a fraction. Hence for as far as possible each
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fraction the displacement of the balloon relative to its position in the planning CT (evaluation
of the difference between bone match and balloon match) is shown in Fig. for lateral, longi-
tudinal and vertical direction, respectively. The evaluation started with the patient represented
through the dark blue dots in treatment fraction number 6. Unfortunately the patient could not
bear the balloon anymore after fraction number 10 and therefore was treated without an ERB
for the remaining fractions. For the other 3 patients the examination started with the begin of
the radiotherapy treatment series, although the line for the patients depicted by the light green
diamonds and the pale blue squares shows a gap due to maintenance activities at the linac,
where the patients were treated at another device without ExacTrac system. The displacement
of the balloon was in general smallest in lateral direction, with a maximum displacement of
8 mm (see Fig. . In longitudinal and vertical direction, where the displacement of the
balloon was much larger than in lateral direction it can be seen that it was strongly patient
dependent. For the patient symbolized through the light green diamonds the displacement was
remarkably large in longitudinal direction and the balloon was at the maximum 25 mm too much
caudal (see Fig. 4.16(b)). The balloon was generally placed too much caudal for all patients.
Having a closer look at the whole patient population evaluated for balloon displacement, the
balloon displacement in vertical direction was in general smaller than for longitudinal direction
(see Fig.|4.16(c)|). However, again for the patient represented by the light green diamonds quite
large values of displacement up to 18 mm were reached. Generally, the balloon was positioned

too much posterior.

The calculated mean systematic displacement, M, the SD of the systematic displacement,
¥, and the SD of the random displacement, o, can be found in table [4.7] for lateral, longitudinal
and vertical direction, respectively. Though, this data is only presented to express trends, due

to the fact that the amount of data is not sufficient to allow a quantitative analysis.

Having a look at the 3D displacement of the endorectal balloon calculated from the values
of displacement in lateral, longitudinal and vertical direction, it manifests that the balloon’s
position in the planning CT is not reproducible (see Fig. 4.17)), as 3D deviations of up to 28 mm

occur.

Additionally, differences in the volume of the endorectal balloon were observed when match-
ing the radiographic images according to the balloon’s position, which could not be quantita-
tively evaluated. One has to keep in mind this extra source of uncertainty, when investigating

the reproducibility of the balloon’s position and its capability for immobilization of the prostate.
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Figure 4.16: Displacement of endorectal balloon after insertion in relation to its position in the

planning CT for daily fractions and several patients (color = patient).
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Figure 4.17: 3D displacement of endorectal balloon after insertion in relation to its position in

the planning CT for daily fractions and several patients (color = patient).

Table 4.7: Balloon displacement relative to its position in the planning CT with respect to bony
anatomy: group systematic error, M, standard deviation of the systematic error, ¥, and standard

deviation of the random error, o, in lateral, longitudinal and vertical direction, respectively.

[mm] lat long vert

M 21 -76 -4.7
by 1.5 3.1 49
o 1.2 4.9 25

4.6 Rotations of the Target Volume
As the ExacTrac system provided only a limited ability to state the rotations of the target

volume (depending on the particular patient, from 5 % to 97 % of all treatment fractions) and
the utilized treatment couch did not offer the opportunity for rotational corrections, rotations
of the target volume were not further investigated.

The mean rotations for all IMRT patients after setup correction right before irradiation
start were 1.4°, 0.9° and 0.1° around the lateral, longitudinal and vertical axis, respectively. The

extreme values were about 10° and -9° around both, the lateral and longitudinal axis and about

+4° around the vertical axis.



5 Discussion

5.1 Intrafraction Motion and Margins

As seen in Fig. and Fig. the magnitude of intrafractional patient motion is strongly
patient dependent. Though, the patient represented through red triangular symbols is especially
outstanding due to larger movements compared to all other patients. Looking for a reason for
this behaviour the quite remarkable BMI of 37.9 is noticeable. However, having a closer look at
the displacement of bony anatomy and prostate itself for all other patients with a high BMI, no
obvious trends could be observed. Thus for correlating large whole-body movement or prostate

displacement to high values for BMI there is not enough evidence in the obtained data.

Whole-patient motion was in general smallest in longitudinal direction, which can also be
seen in the net bone motion contribution to the treatment margin (see Tab. . This may
be explained through the fact that a knee support was used for patient immobilization, which
seemed to prevent the patients from moving easily in cranial-caudal direction. Surveying the
SDs for the bone drifts, on average the largest bone movement occurred in lateral direction
(see Fig. . A peak value of 3.1 mm for the SD of bone motion in lateral direction after
treatment delivery was obtained for a patient receiving a 5-field boost treatment. This fact
seems to be surprising at first glance, as the average irradiation time of 9.7 min for the boost
fractions is much shorter than the mean treatment time of 16.2 min for the 9-field pelvic IMRT
fractions, and the SD of bone movement generally increased as a function of treatment time.
However, receiving large values for the SD of bone motion for boost fractions could be explained
through the fact that the boost treatments are the first 11 fractions in the treatment course and
particular patients might be more nervous during the first fractions and therefore moving more
than for later fractions. The outstanding large SDs in vertical direction of 2.9 mm and 3.6 mm
(see Fig. |4.4(c)) were obtained for the patient depicted by red triangular symbols in Fig.
during and after 9-field pelvic IMRT fraction delivery, respectively.

In contrast to the motion of bony anatomy, prostate movement was less dependent on patients
(see Fig. and Fig. 4.3(b))). The marker displacement showed a significant increase with
treatment time in longitudinal and vertical direction, while the prostate stayed rather stable in
lateral direction. The prostate’s stability concerning motion in lateral direction was also reported

by Both et al. [41]. The contributions for the net prostate motion to the treatment margin for
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lateral, longitudinal and vertical direction support this conclusion (see Tab. . As one can see
from Fig. for the longitudinal direction of prostate motion, the prostate seemed to move
slightly caudal during a treatment fraction. This could be explained through the fact that the
bladder might fill up during longer (for 9-field pelvic IMRT fractions the mean net treatment
time was 16.2 min) treatment fractions and apply pressure to the prostate, which is accordingly
moving caudal (see Fig. . Also, the prostate seemed to move a little posterior for longer
treatment times. Thus a posterior motion of the prostate could be correlated to a caudal motion
as well and might occur because of the same reason, i. e. the bladder is filled during a treatment
fraction. Lotz et al. reported an inflow rate of 2.1 to 15 cc/min for patients, who were told to
empty their bladder and then drink 300 cc water 15 min prior to MRI acquisition, which took

one hour [43].

As seen in Tab. the calculated margins are smallest in lateral direction (4.2 mm and
2.2 mm) and largest in vertical direction (6.6 mm and 4.3 mm) for 9-field pelvic IMRT and
4-field box treatments, respectively. For 5-field boost IMRT, however, the largest value was
obtained in lateral direction (3.7 mm) and the smallest value in longitudinal direction (2.6 mm).
To address this issue, it is necessary to have a closer look at the margins calculated for the
single net contributions to the overall prostate’s location uncertainty (see Tab. . It is
apparent that the margins calculated for the setup error do not differ a lot for each direction
of 5-field IMRT, 9-field-IMRT and 4-field box treatments and always are largest in vertical
direction. This result was also presented by Graf et al. [31]. The reason could be a possible
relaxation of the pelvic floor muscles. Budiharto et al. evaluated the residual setup error by
use of an online MV imager and concluded that a systematic setup error in posterior direction
after the repositioning of the patient occurred [44]. For 5-field boost IMRT and 9-field pelvic
IMRT the component accounting for net prostate motion always is smallest in lateral direction
and largest in vertical direction. Again, the smallest values were measured in lateral direction
for 4-field box treatments. However, for 4-field box treatments the largest value for the net
prostate motion was obtained for longitudinal direction. This could be explained due to the
small population of 5 patients evaluated for 4-field box treatments. Margins calculated for net
bone motion during a fraction are in general smallest in longitudinal direction. For 5-field IMRT
and 4-field box treatments the largest values for bone motion were obtained in lateral direction.
The margin accounting for the net whole-patient movement was largest in vertical direction

for the 9-field IMRT, where the values for lateral and vertical direction exceeded the value for
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longitudinal direction quite remarkably. This is caused through large SDs of the systematic error
(see Tab. , which might be a result of the inclusion of patients, who moved quite extensively
during treatment delivery. For the 9-field pelvic IMRT the trend for the net prostate motion
concerning the magnitude of the margins for lateral, longitudinal and vertical direction concealed
the trend for net whole-patient movement. For the 5-field boost IMRT the component accounting
for bone motion was more dominant in comparison to marker displacement and therefore the
trend indicated by the net prostate motion was overshot through net bone motion. This could
be explained through the fact that the boost fractions were scheduled as the first 11 fractions
of the treatment series and the patients were more nervous and uneasy than for the later 9-field
pelvic IMRT fractions. For 4-field box treatments the data of all 39 fractions was summed
up, therefore, a possibly larger initial bone motion had lower impact than for the 5-field boost

IMRT.

When calculating margins for treatment one has to keep in mind that the acquired images just
represent snapshots, which give an estimation for long-term intrafraction motion. Short-term
variations of the prostate’s position cannot be traced using this method [28,30,42]. However,
Both et al. used a real-time tracking system and reported that the use of an endorectal balloon
stabilizes large (> 5 mm) prostate movement, as it prevents the influence of bowel habit changes
[41].

Another issue is that for 9-field pelvic IMRTSs the PTV consists of the prostate and the PLNs,
with the prostate being a moving target with respect to bony anatomy and the PLNs being fixed
to vascular structures, which are again fixed to bony anatomy. Hence the intrafraction motion
of the prostate can be described through the motion of the fiducial markers, while for the
movement of the PLNs the motion of bony anatomy might be a better approximation. For
concurrent irradiation of prostate and PLNs Xia et al. suggested real time replanning, or the
creation of several IMRT plans for different positions of the prostate to tackle the challenge of

independent motion [28,45].

Also, one has to consider, that the obtained margins (see Tab. [4.5) do not account for other
sources of uncertainty (like inter- and intraobserver variability in target volume delineation),

which have to be dealt with.
5.2 Comparison with Literature

Intrafraction prostate and patient motion causes significant positioning variations, which

have to be accounted for by use of appropriate margins. The margins calculated based on the
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Table 5.1: Comparison of obtained margins for IMRT patients with results from literature.

Author No. of PTV Setup tolerance ~ Margins [mm]  Treatment  No. of
fields [mm] lat long vert time [min] patients
5 P 3 37 26 36 9.7 9
This study
9 P+PLN 3 4.2 5.1 6.6 16.2 12
Enmark et al. [27] 5-7 P+SV 2 19 26 24 9.0 15
Alonso-Arr. et al. [28] 7T - 2 19 62 47 - 30
- - 0 19 28 30 6-9 184
Kron et al. [30]
- - 0 3.1 4.0 4.0 >9 184
Tanyi et al. [46] 7 P 3 28 3.7 3.2 8-16 14

data acquired in this study were comparable to results from literature where no endorectal bal-
loon was used (see Tab. [5.1)). Enmark et al. [27] evaluated the intrafraction prostate motion by
use of 3 fiducial markers within the prostate and image acquisition pre and post treatment with
the ExacTrac system. Alonso-Arrizabalaga et al. [28] examined intrafraction prostate motion
by imaging with the ExacTrac system before and after treatment for patients with 4 fiducial
markers inside the prostate. Kron et al. [30] investigated the data of 184 patients with 3 inserted
fiducial markers through imaging pre and post treatment delivery by use of two orthogonal X-
ray projections, forming groups in terms of treatment duration (see Tab. . At least one
image per patient was included to both groups with treatment lengths of 6-9 min and > 9 min.
Tanyi et al. [46] evaluated margins necessary to deal with intrafraction prostate motion using
3 electromagnetic transponders implanted within the prostate. For real-time tracking using the
Calypso(®) system they obtained margins of 1.4 mm, 2.6 mm and 2.3 mm for lateral, longitudinal
and vertical direction, respectively, when applying a threshold for corrective intervention for a
displacement of 4 mm lasting longer than 1 s. Assuming just an initial image-guided alignment
of the target volume, considering intrafraction motion, Tanyi et al. stated margins of 2.8 mm,
3.7 mm and 3.2 mm for lateral, longitudinal and vertical direction, respectively, indicated in the

last line of Tab. Bl

As the setup tolerance at the Medical University of Vienna/AKH was larger than for most
other studies, a reduction should be considered to decrease the component of setup error con-

tributing to the overall margin for treatment.
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5.3 Endorectal Balloon

According to the data presented in Fig. [£.16]and Fig. [f.17]the daily position of the ERB is not
reproducible. The largest variations of the balloon’s position occurred in longitudinal direction.
A reason might be that various RTTs tend to place the ERB at different depths. The balloon
was in general positioned too much posterior and too much caudal, inducing the assumption that
there is a correlation between these displacements. An ERB with depth markers, as Smeenk et al.
reported, might be beneficial to avoid large deviations of the balloon’s position in longitudinal
direction [40,47]. However, comparing the obtained margins to results from literature where no
ERB was used, they are in the same order of magnitude. As Anderson et al. reported a significant
decrease in rectal volume over the radiotherapy treatment course of prostate cancer [48] the use
of an ERB would by all means be beneficial in terms of rectal wall sparing through keeping the
posterior rectal wall away from the target volume.

Further investigations will be necessary to evaluate whether the insufficient reproducibility
of the balloon’s position is an issue concerning its ability for immobilization of the prostate.
Van Lin et al. [49] indicated that an ERB does not reduce interfraction prostate motion. Con-
cerning intrafraction prostate motion Both et al. [41] reported an advantage in terms of mag-
nitude of the applicable margins when using a daily ERB in comparison to Langen et al. [33],
who evaluated a non-ERB setup, as the percentage of treatment time where the displacement
exceeded certain values was reduced through utilization of an ERB. As in this study the evalua-
tion of the balloon’s position was performed for a patient population different from the patients,
where intrafraction prostate and whole-patient motion were investigated, a correlation of a bal-
loon shift and a prostate shift is impossible at this point, but would be interesting to be further
explored. Also, changes in filling volume of the balloon were observed, when fusing the daily
ExacTrac images with the reconstructed images from planning CT. Though, these issues could
not be evaluated through the ExacTrac system. A change in size of the balloon might have an
impact on the position where the prostate is stabilized and should therefore be further investi-
gated. Another issue is a possible prostate shift as a result of muscle relaxation after insertion of
the ERB, as Court et al. considered. Hence he suggested to wait for relaxation before starting

irradiation to avoid a target movement while treatment was delivered [50].
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6 Conclusion

Intrafraction prostate motion showed a significant increase with treatment time in longitudi-
nal and vertical direction for all patients. In lateral direction the prostate stayed rather stable.
In contrast, intrafraction patient movement was strongly patient dependent and, in general,
smallest for longitudinal direction. Also, bone displacement increased as a function of treatment
time. Hence significant positioning errors caused through intrafraction prostate and patient mo-
tion have to be accounted for by application of appropriate margins related to the time duration
of daily irradiation delivery.

Complex treatments like the 9-field pelvic IMRT with long treatment times of about 16 min
accordingly require larger margins compared to shorter treatment times (see Tab. to assure
target coverage for the duration of the whole fraction. Thus when aiming to further reduce the
treatment margin, additional imaging and repositioning of the patients during the treatment
will be necessary. However, this is causing a controversy as the procedure would again increase
the gross treatment time and the patients might become uneasier. Therefore, other approaches
are the utilization of new treatment techniques like rotational IMRT, which offers the advantage
of shorter treatment fractions (< 1.5 min) [51], electromagnetic real-time tracking [41, 52, 53],
requiring additional equipment, and adaptive radiotherapy, where the treatment plan for a
patient is modified for later fractions after collecting information concerning the magnitude of
intrafraction motion during the initial fractions [54].

The use of an ERB seems to be beneficial in terms of sparing the rectal wall. According to
the data obtained in this study the calculated margins accounting for intrafraction target motion
are of the same magnitude as for other studies where no ERB was utilized. There are still issues
concerning the ability of the ERB for prostate immobilization, as well as the reproducibility of

its daily position and volume, which require further investigations.
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