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Abstract

Purpose: Proton therapy is common in treatment of pediatric cancer patients due to
the reduction of radiation to the normal tissue compared to conventional radiotherapy.
In order to investigate the dose distribution for pediatric ependymoma patients,
intensity-modulated proton therapy (IMPT) and proton arc therapy (PAT) plans were
compared.

Method and materials: Proton therapy plans with increasing number of fields were made
on a young patient with a centrally located brain tumor (germinoma). Dose distributions
for the target volume and organs at risk were evaluated by dose volume-histogram
(DVH) parameters and integral dose (ID) to important brain structures. This was used
to decide the optimal number of proton fields to apply in an extended cohort of
ependymoma patients. IMPT and 8-field PAT plans were then made for ten
anonymized pediatric patients with ependymoma, having overlapping tumors with the
brainstem. All treatment plans were made using the software, Eclipse (Varian Medical
Systems, Palo Alto, CA, USA). To compare the treatment plans, dose distribution for
the target volume and organs at risk were evaluated by using clinical dose constraints
and DVH parameters. The robustness of the target volume was also evaluated across
the treatment plans.

Results: Across all the organs at risk for the germinoma patient, the dose to the
hippocampi had the strongest variation across the plans with increasing number of
fields. The hippocampi DVHs for the 3-field plan were consistently elevated compared
to the DVHs for the 6-field plan, where the latter was found to have the lowest dose.
The integral dose to the brain had moderate variation across the plans with increasing
number of fields, ranging from 21.4 Gy(RBE)L to 23.1 Gy(RBE)L. For the ependymoma
patients, the Dogo, for the target volume was increased with PAT compared to IMPT.
The median of Dmean to the brainstem increased from 41.7 Gy(RBE) with the IMPT
plans to 43.1 Gy(RBE) with the PAT plans. The median of the maximum dose (Do.o3cc)
for both brainstem core and surface decreased with the PAT plans from 53.0 Gy(RBE)
and 55.3Gy(RBE) to 52.7 Gy(RBE) and 55.1 Gy(RBE). Hippocampus Daov got slightly
reduced with the PAT plans.



For both cochleae, the mean dose was solidly reduced from 18.3 Gy(RBE) and 18.9
Gy(RBE) with IMPT plans to 9.3 Gy(RBE) and 12.3 Gy(RBE) with the PAT plans,
respectively. The pituitary got a lower mean dose with the IMPT plans. The integral
dose was approximately the same for both treatment planning techniques.

Conclusion: PAT plans reduced the dose to some organs at risk for the pediatric
ependymoma patients, such as both cochleae, the brainstem surface and core. The
integral dose to the brain was approximately the same across IMPT and 8-field PAT
plans. In addition, PAT plans improved the robustness to the target volume compared
to the IMPT plans.
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1. Introduction

Radiotherapy is frequently applied in treatment of different types of cancers, either
alone or together with surgery, chemotherapy and immunotherapy or a combination of
these [2, 5]. The principle behind radiotherapy is using radiation to treat tumors [4]. In
2021, almost 37 000 new cancer cases in Norway were reported [10]. Of these, 216
included children cancer aged from 0-17 years old [11]. Childhood cancer is classified
in twelve main groups, where leukemia and tumors in the central nerve system (CNS)
are the two most common entities. The survival rate for CNS tumors has shown small
progress in the last decade with a five-year survival percentage around 84 since the
early 2000 [11]. Other childhood cancer, such as leukemia, has an increasing five-year
survival percentage over 90% since early 2000. One of the leading causes in cancer-

related death of children is therefore brain tumors [12].

The third most common pediatric brain tumor is ependymoma [13]. 90% of these
malignant tumors occurs intracranial, where most of them occurs in the infratentorial
region shown in figure 1.1 [13]. One-third occurs in the supratentorial region (figure
1.1). For younger children the infratentorial location is more dominant, whereas
supratentorial tumors are more common for older children. Children could also get
ependymomas in the spine but these occurs less than 10% of the cases [14]. The
highest incidence of ependymoma is in the age gap between birth and 4 years old [13].
The diagnose also occurs more commonly in boys than girls [13]. Depending on
location of the tumor and treatment approaches, survivors of childhood cancers are

often experiencing major side effects [12].



Supratentorial Ependymoma

Figure 1. 1: An illustration of the supratentorial, infratentorial and spinal cord
ependymomas. The brown part of the brain represents supratentorial region, the yellow
area is the infratentorial region and the grey area is the spinal cord. The red line represent
the tentorium which separates the supratentorial and infratentorial region [9].

In younger patients the risks of side effects given a certain absorbed dose is higher
due to increased radiation sensitivity compared to adults [5]. Except from age, the
radio-sensitivity depends on a several factors: organ, target volume, fraction dose and
total radiation dose [15]. Since the children have most of their development ahead of
them, they have a long life as a cancer survivor where late effects could occur [16].
For patients with brain tumors a common late effect is cognitive impairment [17].
Several factors contribute to this impairment, such as tumor type and location, and
other treatment factors. When treating pediatric patients, it is particularly important to
maintain the radiation exposure to healthy tissues as low as practically possible [5].
The risk of late effects are higher for younger children, and radiotherapy is normally
not applied in children younger than 3 years [15]. Risk of radiation-induced late effects
are therefore reasons to prescribe proton therapy for children to reduce normal-tissue
exposure [2]. Even though the risk of these late effects are major, radiotherapy is

important for curation and surviving cancer [15].



1.1 Motivation of the study

Tumors in the skull needs to conform high radiation doses in a small volume while
sparing critical surrounding structures, such as the brainstem [18]. With conventional
photon-based radiotherapy such high doses may sometimes not be achievable without
causing severe late effects. In this case proton therapy has been shown to be very
effective. There are no reported dose differences to cognitive structures, when the
number of proton beams are increased for pediatric patients [19]. The aim of this study
was therefore to investigate if proton arc therapy gives a better dose distribution than
intensity-modulated proton therapy to pediatric ependymoma. This was evaluated by
studying the dose distribution to important organs at risk. The integral dose to the brain

was also studied to evaluate the low dose volumes in the two treatment plan modalities.



2. Physics interactions with matter

2.1 Physics behind photon therapy

The physics behind photons is presented in this chapter due to the major use of
photons in radiotherapy. Radiotherapy uses ionizing radiation, such as photons, to
cause damage [2]. Photons have different types of interaction mechanisms with matter
leading to damage. Related to radiotherapy, photons have mainly three interaction
mechanisms. These are photoelectric effect, Compton scattering and pair production

shown in figure 2.1.

Photoelectric effect occurs when a photon interacts with an electron in an atom. The
electron will then absorb the photon and subsequently ejected as a photoelectron. The
kinetic energy of the liberated electron is given by the photon energy minus the binding

energy of the electron [3].

During Compton scattering a photon changes direction of motion when it interacts with
an electron. This scattering could also be coherent or incoherent. Coherent scattering
is when the photon energy is preserved, also called Rayleigh scattering. This is not
relevant in radiotherapy. Incoherent scattering is when the energy is reduced. When
the photon interacts with an electron, it will transfer some energy to the electron which

will be ejected from the atom. The remaining kinetic energy Ej is described as:

! Ex
Ex=—5—7—— 2.1
K 1+ (1-cos 0) 2.1

Where E,, is the photons original kinetic energy, 6 is the angle of the scattered photon
(shown in figure 2.1) and m, is the mass of the electron. According to equation 2.1 the
photon will lose most energy when 6 = 180°. This energy will increase when the photon

energy increases. On the other hand, if 8 = 0 the photon will not lose any energy [3].

Pair production is the last photon interaction relevant in the context of radiotherapy.
This occurs when a photon is absorbed near the core of a nucleus. An electron-positron
pair is then created and emitted. Further, the electron/positron could interact with
another positron/electron and create y-rays. In order to make this pair production
happen, the photon needs to have minimum the energy to create two electrons,
1.02MeV [3].



A) Ejeéted electron B)

Scattered photon

Incident photon

Incident photon \C)

Ejected electron

e+

Incident photon O

Figure 2. 1: The three photon interactions. A) photoelectric effect, B) Compton scattering and C) Pair
production. lllustration is inspired by [3].

When a photon beam is attenuated in a matter, the beam has an intensity described
as

I(x) =1(0)e H* (2.2)
Where [(0) is the original intensity of the beam and p is the linear attenuation
coefficient [4]. According to equation 2.2, the intensity of the photon beam will be
reduced with depth when it goes through matter due to the interactions mentioned

earlier.

The linear attenuation coefficient u is the probability for interactions per length and is

connected to the total cross section, a;,, [3, 20] by equation 2.3.

A
Otot = :TA (2.3)

Where u is the linear attenuation coefficient, A is the mass of the attenuator, N, is

Avogadro’s constant and p is the density of the attenuator [4].

The appearance of the photon interactions depends on the atomic number of the
material and photon energy [4], shown in figure 2.2. For the low photon energies,
photoelectric absorption is dominant. The total photon attenuation is highest at the

lowest photon energies. Pair production is dominant at the highest energies.
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photon attenuation, the red line represents photoelectric absorption, the green line represent Compton
scattering and the purple line represent pair production. lllustration is inspired by [4].

2.2 Protons interactions with matter

The most important proton interactions are Coulomb interactions with both atomic

electrons and atomic nuclei, and nuclear reactions (figure 2.3).

2.2.1 Coulomb interactions with atomic electron

The first Coulomb interactions is with atomic electrons. In this case, the proton will lose
energy by ionization or excitation [5]. Excitation is when an orbital electron absorbs
energy from the photon and is raised to a higher shell [4]. If the energy transfer is high
enough, the electron is ejected (i.e. delta ray) from the atom, called ionization [21]. Due
to the difference in mass between the particles, the interactions with electrons would
not have a big deflection from original direction [22]. Further, the ejected electron could
interact with other atoms along a different track than the original proton. If the electron
is ejected from an inner-shell, characteristics x-rays will also occur. Energy transfer
from interactions with the delta rays and the characteristics x-rays could therefore
happen away from the primary proton interaction, which causes dose distribution away

from the target volume [21].



2.2.2 Coulomb scattering with atomic nuclei

The second proton interaction is Coulomb scattering with atomic nuclei. This happens
when a proton passes close to a nucleus [22]. Due to the same positive charge for
both the proton and the nuclei, the proton will deflect from the original track. The proton
will not lose kinetic energy during this deflection. However, combining these deflections
could lead to a lateral spreading [22].

2.2.3 Non-elastic nuclear interactions

Non-elastic nuclear interactions appears when a proton imparts a large amount of the
energy to a nucleus [22]. In the interaction, the proton will knock out a neutron or an
alpha-particle from the nucleus and leave the nucleus ionized. The secondary particles
will then travel in large distances and despite energy which causes many low dose
areas [5]. This interaction becomes more likely to happen if the proton energy and the
atomic number of the target increases. The probability of this interaction is small
compared to the Coulomb interactions, but is taken into consideration in proton therapy
[22].

e Recoil nucleus

Figure 2. 3: Proton interactions with atoms. A) Coulomb interaction with electron, b) Coulomb interaction with nuclei and c) non-
elastic nuclear interaction [7].

As mentioned, protons interact and lose their energy in different ways than photons.
A photon could pass a material without any interactions and retain all their energy, or
they could interact and lose all their energy in a few interactions. Due to protons
Coulomb force, they will interact with almost every electron or nucleus they pass.



For a proton to lose all its kinetic energy, it needs to interact approximately 10° times
[21]. This explains why the dose curves for photons and protons are so different from

each other (figure 4.1).

2.3 Linear energy transfer
Linear energy transfer (LET) describes the ionization density along a particle track [2].

LET is defined by the International Commission on Radiological Units (ICRU) as

dE

Where dE is the average energy to the medium by a charged particle traversing a

distance of dl. The LET is normally measured in % [3]. LET and stopping power are

two related concepts that which measure the transmitted energy between the particle
and the medium [23]. The stopping power is described by the Bethe-Block equation:

dE _ 4mnz® [ e? 2 l 2m,c?p? 5 )
Cdx  m,c?B? <4nso> (n<1(1—,82)>_'3 ) (25)

Where m, is the mass of an electron, n is the electron density, e is the charge of an
electron, z is the charge of the particle, | is the average excitation energy and f = % ,
where v is the particle speed and c is the speed of light [24]. Energy loss could be
described by LET based on the Bethe-Block equation. Equation 2.5 shows that the
stopping power is inversely proportional to the velocity of the particle squared. This
means that the stopping power is high when the velocity is low and low when the
velocity is high. By looking at figure 4.1, the stopping power is high at the end of the

proton range where the Bragg peak occurs.



3. Radiobiology

Radiation causes biologic effects due to creating damage to the DNA. The DNA is
shaped like a ladder with one strand on each side. These two strands have the
opportunity to reconstruct each other if one of them is broken. In order to damage the
DNA, particles predominantly interact in two ways: direct or indirect action (figure 3.1).
Direct action is when the particle ionize or excite the atoms within the DNA, which leads
to damage [2]. This action is dominant for particles with high LET and high radiation
doses [25]. The particle also interact with atoms within cell (specially water) that leads
to free radicals, and these will then damage the target [5]. Free radicals have an
unpaired electron in the other shell that makes them extremely reactive. Most of the
DNA damage comes from free radicals since almost 70% of the cell consist of water
[25].

INDIRECT
ACTION

DIRECT
ACTION

Figure 3. 1: An illustration of indirect and direct action [5]. On the top of the figure, indirect action is shown. The delta
ray interacts with a water molecule and produces a radical which damages the DNA. In direct action (bottom of the
figure), the delta ray damage the DNA directly.



Radiation causes damages to the DNA in cells in different ways. Two of the most
important ones are single-strand breaks (SSB) or double-strand breaks (DSB). SSB
gets repaired by copying the opposite strand, and do not contribute to killing cells. The
cell may result in mutations if the repair goes wrong. DSB are when both strands are
broken from radiation or radicals. This is harder to repair and leads to cell killing or
mutations [5]. At low radiation doses, SSB is likely to occur. However, with higher
doses the probability for DSB increases and it will be harder for the cell to repair.
Radiation with high-LET will also contribute to more DSB to the DNA [25].

3.1 Fractionation

In radiotherapy it is normal to give the total radiation dose in multiple fractions over a
larger period. This spares the normal tissue and contribute to less side effects due to
a larger therapeutic window (explained in 3.1.1). Fractionation usually provides a better
tumor control than a large radiation dose [5]. In order to achieve the same biological
damage as a single radiation dose, the total dose needs to be larger in treatments
given with fractions [4].The total radiation dose rely on the size and the location of the
tumor [26].

3.1.1 Therapeutic window

The goal of radiotherapy is to destroy the tumor and saving the normal tissue as much
as possible [4]. To achieve this goal, radiotherapy must have a balance between
advantages and risks. In order to consider the benefits, dose-response curves are
used [2]. Figure 3.2 represents the tumor control probability (TCP) curve and normal
tissue control probability (NTCP) curve. The window in between is called the
therapeutic window. When the treatment is delivered in fractions, the TCP curve is
lower than the NTCP curve. In radiotherapy the goal is to have a therapeutic window
as high as possible to reduce the risk of side effects. If the therapeutic window is large,

the probability for side effects is lower [4].
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Figure 3. 2: Describing the therapeutic window with dose response curves for tumor control
(blue curve) and normal tissue response(red curve) [1].

The ratio between a dose that results in tumor control and a dose that results in side
effects is called the therapeutic ratio. If the ratio is high, a higher radiation dose could
be used for treatment without an increased chance for side effects. There are multiple
strategies to increase the therapeutic ratio, such as make the tumor more sensitive to
radiation and make the normal tissue more resistant for radiation. In order to achieve
to make the normal tissue more resistant, different fractionation schemes and better

delivery strategies could be used [27].

3.1.2 The cell cycle

One if the main reasons for using fractionation in radiotherapy is the cell cycle. The
cell cycle is a process, which implies that existing cells duplicate in order to make new
cells. This process consists of four phases [25]. Mitosis is the first phase which is the
cell origin. In this phase the cell divides into two cells. After this there is a gap called
G1, where there is no activity. Further, these is a new phase called synthesis. This is
where the cell is coping the chromosomes and the period of this phase is normally the
longest. Between synthesis and mitosis there is a new gap called G2. How long the
cell cycle take varies in the different cells. The radio sensitivity within a cell varies
through the cell cycle which is the mainly reason for using fractionation. When the cell
is in G2 or mitosis, it is more sensitive for radiation. The cell is more resistant to
radiation when the cell is in synthesis [25]. After being hit by radiation the cells could

react differently.
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In radiotherapy, the goal is that the cancer cells go to apoptosis, known as programmed
cell death. However, this rely on many factors such as total dose, LET, stage in the
cycle and what type of cell which is radiated [25]. How the cells respond to radiation is

illustrated in chapter 3.3.

3.1.3 5 Rs of radiobiology

The effectiveness of fractionation is based on the 5 Rs of radiobiology. These are
repair, repopulation, reoxygenation, redistribution and radiosensitivity [4].

Repair: A radiation-induced damage causes both DSBs and SSBs. At lower doses
SSBs are often repaired, but could also contribute to cell killing at higher doses [28] .
The different cells could repair themselves after a DNA damage due to the strands are
copying each other. Repair is important because the normal tissue and the malignant
tissue has different possibility to repair a damage. Between fractions late-responding
tissue are repairing SSBs, at the same time as malignant tissue is not able to [28]. The
ability to repair radiation damage varies from the different tissues and tumors [28].
Repopulation: After each fraction, the cell population is reduced. Since cells divide,
the remaining cell populations will grow between fractionations [4]. If the malignant
tissue is repopulating, the overall treatment needs a higher radiation dose to provide
tumor control [2].

Reoxygenation: When cancer cells have access to oxygen they are more
radiosensitive for radiation due to the potential for damage caused by radicals [4]. Cells
without oxygen, hypoxic cells, is about 2-3 times more radiation resistant than cells
with oxygen [28]. Reoxygenation contribute to improve radiation treatment due to the
increased tumor sensitivity [28].

Redistribution: The cells have different phases and are more sensitive or resistant
depending on what phase they are in [25]. Since there are several fractions, the cells
will be in different phases each time and could therefore be more sensitive in one
fraction than another during the treatment period. Normal tissue cells are more likely
to have a slower cycle than tumor cells. Redistribution during fractionation is known
spare healthy tissue which consist of cells with a slow cycle, compared to tissue with
faster cell cycle [28].

Radiosensitivity: Different cells have different radiation sensitivity.

12



3.1.4 Fractionation schemes

There are several different fractionations schemes to use. None of these has been
proved to be optimal for all head and neck tumors [26]. Conventional fractionation is
used most for curative treatment [4]. The dose is given once a day in five days per
week for multiple weeks. The fraction dose is usually around 2 Gy. This gives the
normal tissue time to repair and repopulate before each fraction. On the other side,
the malignant tissue will at the same time reoxygenate. There are also other
fractionation schemes like hyper-fractionation, accelerated fractionation and hypo-
fractionation. In hyper-fractionation multiple fractions is delivered each day, where
each fraction has a lower dose (<1.8 Gy) [4]. This method gives a higher total dose to
the target volume and at the same time increase the tolerance of normal tissue [4, 26].
Accelerated fractionation is used to reduce the time of the treatment period. In this
scheme typically 2 Gy fractions is used with several fractions each day. The total
radiation dose is the same. This schemes aim is to reduce malignant tissues
repopulation [4]. Between the fractions in both hyper-fractionation and accelerated
fractionation, it should be 4,5 hours or more, due to the reparation of the normal tissue
[26]. In hypo-fractionation the fractions has higher doses and the number of fractions
is reduced, at the same time as the total radiation dose is equal [29]. This treatment is
usually used for palliative treatment due to the risk for increased late effects because

of a low a/p ratio in late-responding tissue, explained in chapter 3.3.

3.1.5 Biological effective dose

In order to choose a fractionation scheme, it is normal to calculate the biological
effective dose (BED). This indicates the damage from a specific fractionation method.
BED is defined as:

d
BED =D 1+—— (3.1)

()

Where D is the total dose, d is the fraction dose and «/f ratio for the tissue [30].
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3.2 Absorbed dose
Absorbed dose is the mean energy absorbed per unit mass and it is measured in the
unit of gray (Gy). Gy is the same as absorbed energy given in units joule per kilogram
(J/kg) [5]. Absorbed dose is described by
D — E
dm

(3.2)

Where € is the entering energy minus the energy leaving the volume [4]. It is used to

measure the biological effects produced by radiation [31].

3.3 Linear- Quadratic model

The linear-Quadratic model (LQ-model) describes the cell survival with increased
radiation dose. At zero dose the cells surviving fraction (SF) is 1, in the logarithmic
scale. The formula used for cell survival is:

SF = e~aP~-pD* (3.3)

Where D is radiation dose, a is number of doble-strand breaks (DSB) and £ is number
of single-strand breaks (SSB). The bending of the curve is defined by the a/f ratio.
a /B ratio is when aD and fD? are equal [2]. In other words, the shape of the LQ-model
depends on the radiation. If the radiation has low LET such as photons, the curve is
bend like a shoulder. On the other hand, if the radiation has high LET such as protons,
the cell curve is linear (figure 3.3). This is due to the number of DSB is higher when

the radiation has high LET and the aD and fD? becomes equal faster.

0.1

High LET
0.01

T T

0.001

0 4 8 12 16
Radiation dose (Gy)

Figure 3. 3: An illustration of the LQ-model [2]
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If the a/p ratio is low, there are risks for late effects. These are sensitive to fraction
size and the risk is based on Gy per fraction. Late-responding tissue have a a/f ratio
at 3 or less. On the other hand, if the a/p ratio is high, the possibility for acute effects
occurs. These are sensitive to the period of time for the whole treatment, and the total
Gy is used for calculating the risk. Most of early-reacting tissue and tumors has an a/f
ratio around 10 [23].

3.4 Relative Biologic Effectiveness

Different radiation doses with equal dose, do not produce the same biological effects
[5]. To compare the differences in radiation, it is normal to use x- or y- rays as the
reference radiation. This is due to the earlier experience and knowledge with this
radiation [32]. Relative biological effectiveness (RBE) is defined as:

dose of reference radiation
RBE =

3.4
dose of test radiation 34

To achieve the same biological effect [2]. In order to determine RBE, there is some
factors to take into account. Some of them are LET, dose, number of fractions and
dose rate [5]. For proton therapy most facilities use an RBE of 1.1 [31]. This means
you need 10% less proton dose to get the same dose as with photons. The value 1.1
comes from an average RBE along the proton track range [33]. Since RBE depends
on many factors, it is likely that the RBE value is not constant over the whole range.
Studies shows that RBE varies, especially near the end of the proton range. This could
contribute to dose distributions which leads to unforeseen effects or the possibility to

get control over the target [33].
The most important factor RBE depends on is LET (figure 3.4) [31]. The LET is around

100 keV /mm the RBE is at a maximum. If LET continues to increase, RBE will fall due

to overkilling of cells [2].
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Figure 3. 4: The relation between RBE and LET for different survival fractions [3]

In order to take account for the different biological effects between protons and photons
a RBE-weighted absorbed dose (Dree) is used in treatment planning [34]. This dose is
defined as:

Drgr =D -RBE (3.5)

where D is the physical dose. Doses in proton therapy is therefore described with
Gy(RBE) [35].
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4. Radiotherapy

Radiotherapy can either be delivered internally or externally [5]. During external beam
therapy, the radiation source is outside the body and the beam is directed towards the
target volume. This treatment technique has used mostly high energy photons, but
over the last decades protons have been used as an alternative for some types of
cancer [22].

4.1 Photon delivery techniques
In this chapter, there will be a short introduction of delivery techniques for photons.

This is important for the understanding of the development in delivery techniques for
protons, that will be introduced in chapter 4.2.1 and 4.2.2. In order to deliver radiation
doses to patients, different treatment techniques are used. For photons 3D conformal
radiation therapy (3D-CRT), intensity-modulated radiation therapy (IMRT) and
volumetric modulated arc therapy (VMAT) is commonly used. In 3D-CRT opposing
fields with wedges is used to cover the target volume [2, 36]. This technique gives the
normal tissue a dose close to the prescribed target dose, which is not convenient [2].
To spare more of the healthy tissue, IMRT was developed. In this technique multiple
small fields with an inhomogeneous dose distribution are used. When these fields
combine, they will deliver a homogenous dose to the target volume [31]. In order to
deliver the radiation faster and reduce total exposure to the body, volumetric
modulated arc therapy (VMAT) was developed in 1995. This method delivers photon
radiation from different gantry angles while the beam is rotating around the patient [36].
The technique makes this possible due to multileaf collimators (MLC) which are moving
between the different gantry angles [37]. In this rotating IMRT, the radiation is delivered
in one or multiple arcs which will lower the treatment time and spare the organs at risk
[38].

4.2 Proton therapy
Robert R. Wilson proposed the use of proton beams for cancer treatment in 1946 [39].

Nine years later, the first patient was treated with proton therapy at the University of
California, Berkley [40]. After this, the progress of proton therapy was very slow the
next 35 years.
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However, in 1990 the first proton treatment facility was opened in California. Since
then, the use of proton therapy had a large increased in cancer treatment around the
world [40].

Proton therapy is used to treat most of the tumors that was usually treated with
electrons and x-rays. The biggest advantage by using protons instead of photons is
the distribution of dose. Photons deposit their maximum energy close to the entrance
of the body [2]. Protons, on the other hand, enters with a lower dose and the maximum
dose is deposited in a sharp increase, followed by a sharp falloff [31]. This sharp
increase is called the Bragg peak. At what depth this occurs depends on the proton
energy. The sharp falloff after the Bragg peak has almost no dose deposited. In the
end of the falloff there could be a small tail which comes from nuclear interactions as
described earlier [2]. Due to protons Bragg peak, tumors located close by critical
structures like the spinal cord, brain and eye are useful to treat with protons [31].
However, a single proton beam is often too narrow to cover the whole target. Therefore,
to achieve complete target coverage, the Bragg peak is spread out by using beams
with different energies. This is called the spread-out Bragg peak (SOBP) [31]. Figure
4.1 describes the dose curves for photon, proton and SOBP.

Photon Beam (X-rays) Therapeutic Dose Range
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Spread Out Bragg Peak |
(soBP) — ! Single Proton
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Bragg Peak
Target

.
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Figure 4. 1: Representing the dose curves for photon (green line) and proton (red line). The SOBP is showed as the blue line

[41]
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4.2.1 Intensity- modulated proton therapy
Delivery techniques for protons is based on the delivery techniques for photons which

is described in chapter 4.1. This is due to the knowledge and experience with photon
in radiotherapy. One proton delivery technique which is analogous to photons IMRT is
intensity-modulated proton therapy (IMPT) [2, 36]. These techniques use multiple fields
where each of these fields have an inhomogeneous dose distribution. When all the
fields are combined at the target, they will form a homogenous dose distribution to the
volume [31]. The advantage with IMPT is sparing the radiation dose to normal tissue
and organs at risk more than IMRT, due to the advantageous Bragg peak dose
distribution. On the other hand, more conformal therapy makes the treatment more
vulnerable to uncertainties. Some of these are the proton range and changes in the
anatomy, such as tumor shrinkage or organ motion [41]. Uncertainties from the range
could come from imaging, weight changes or setup errors [42]. With these
uncertainties, the dose distribution could be deposited another place than in the target
volume. Much research and development are devoted to reducing range and motion

uncertainties in proton therapy [40].

4.2.2 Proton Arc Therapy
After studies with VMAT showed improved treatment efficiency and lower dose level,

the idea for proton arc therapy (PAT) was introduced in 1997 [43]. In this technique,
the principle of VMAT is converted into the use of protons. The principle is to increase
the number of fields to get more gantry angels. The shape of the field and dose from
the beam will vary for each gantry angle [43]. Further, with so many different gantry
angles more low-dose areas will arise. This is against the aim of proton therapy, which
want to lower the dose to healthy tissue. The probability for uncertainties, such as
range and variation in relative biological effectiveness (RBE), is still higher in IMPT
plans with fewer fields [44]. PAT will therefore give more low-dose volumes, but the
probability for uncertainties decreases with a higher number of beams. Using PAT on
brain tumors could be an advantage due to the short proton range and depending on
target shape [44]. However, by increasing the number of beams, it will bring additional
degrees of freedom which could contribute to better cancer care [45]. To optimize
these treatment plans will therefore be difficult, and there are little available software
solutions. This is one of the reasons PAT is not clinically available at this point.

However, there is ongoing prototype studies with proton arcs in the United States [45].

19



4.3 Accelerators
In order to deliver proton therapy, on needs to accelerate them to high energies by

using a cyclotron or a synchrotron [31]. The energy range used in proton therapy is
typically from 70 to 250 MeV [22]. The cyclotrons produce proton beams with a higher

beam intensity and the synchrotron delivers beams with more flexible energy [22].

4.3.1 Cyclotron
In 1930, E. O. Lawrence developed the cyclotron. His purpose was to accelerate ions

to higher kinetic energy for research. Later, the cyclotron became useful for nuclear
medicine and the production of protons and neutron beams [4]. A cyclotron is a
metallic cylinder which is divided into two electrodes, called the dees. The name dees
comes from that their appearance are comparable to the letter D. Further, there is a
constant magnetic field perpendicular to the dees. There is also applied an electric
field in the gap between the dees. The polarity of the electric field is changed when the
particle enters the gap from the opposite direction [4, 31]. This means that if the particle
enters the gap from the right dee, the electric field will accelerate the particle to the left
dee. There is no electric field inside the electrodes. Due to the constant magnetic field,
the particle will therefore travel in orbits within the dees. The orbits will then increase
until the maximum energy is achieved and the particle will travel to the treatment room
[4, 31]. A cyclotron used in radiotherapy is designed to produce protons up to the
maximum energy of 250 MeV. This energy can be used to treat tumors at any depth
[4, 31].

4.3.2 Synchrotron
In a synchrotron, a proton beam with low energy is circulated in a narrow tube. The

circulation is done by magnets located around the circular path. The beam is
accelerated through a radiofrequency cavity, where there is a voltage with the same
frequency as the beam. The magnets and the radiofrequency increase along with the
increased beam energy. The synchrotrons can give the exact energy needed to treat
the different tumors, compared to the cyclotron which need to adjust the range and
intensity of the beam to treat the tumors in different depths [31].
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4.4 Beam delivery systems
The proton beam from a single accelerator can provide multiple treatment rooms [22].

During the transport to each treatment room, the diameter of the beam is narrow. To
treat tumors the beam need to be spread out and shaped to the target [22]. This spread
out happens in the treatment head in two ways: passive beam spreading and pencil
beam scanning [31].

4.4.1 Passive beam spreading
Earlier, passive beam spreading was the most common delivery technique in proton

therapy [31]. In this delivery technique, high-z materials scatter the proton beam to
the dimension of the target [31]. After the scattering, the beam will follow a Gaussian
distribution. To get a more uniform distribution in the central area, dual scattering foils
will be used. The first foil spreads the beam over a large field and the second foil
gives the field a uniform distribution. Passive beam spreading needs a blocking
system to shape the proton beam to the target volume shown in figure 4.2. In order to
cover the whole PTV with Bragg peaks, range modulators are used. These looks like
wheels with a propel which makes a SOBP, by rotating and change the ranges of
Bragg peaks [31].

Earlier in 2014, the principle of passive-scattering-based proton arc (PS-PAT) was
explored. With many technical difficulties, such as changing range modulators under
the rotation and delivery, is the PS-PAT currently unachievable in clinical practice [46].

Compensator

Range modulator

2nd scatterer

1%t scatterer

Collimator Patient

Target

Figure 4. 2: An illustration of the passive beam scattering delivery technique [8]. The beam is scattered by a high- z material
in front of the beam. Range modulator is used to create a SOBP in order to cover the whole target volume. Collimators and
filters are then just to adjust the shape of the beam and energy distribution.
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4.4.2 Pencil beam scanning
The other delivery technique, pencil beam scanning (PBS), use magnets to lead the

beam over the target volume shown in figure 4.3. To get a uniform distribution over the
target, the target tissue is divided into volume elements. The system will then place the
Bragg peak within these volume elements by varying the depth [31]. This could be
done by varying the amount of protons, the beam energy or bending the magnets [41].
Pencil beam scanning gives the target an even dose distribution at the same time as
it spare the normal tissue, compared to passive-scattering [46] . Other advantages of
using PBS over passive-scattering is fewer interactions between beam and patient and
the production of neutrons is lower [47]. This is due to the use of a magnet to guide
the beam instead of scattering the beam. Currently, PBS is the most dominate delivery
technique due to an effective and precise delivery of proton beams [31]. Since PBS is
SO precise, the uncertainties could contribute to a dose distribution away from the
target volume. Some of the disadvantage of this technique is the sensitivity to organ
motion, breathing and range uncertainties [31, 36]. Further, the fields in PBS delivers
one energy at the time [36]. This means if there are many fields, such as in PAT, the
delivery of the treatment plan will be longer. A major challenge in using proton arc
therapy in a clinical practice, is therefore an effective delivery and a robust treatment
plan [46]. This is due to a treatment process with many conditions to consider, like

beam position, gantry velocity and calculation factors [8].

L
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Figure 4. 3: An illustration of the pencil beam scanning delivery technique [8]. Magnets are used to lead the beam into
voxels inside the target volume.
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5. Treatment planning
The treatment planning process contains of diagnostics, imaging, treatment plan and

design field, quality check and evaluation [23].

5.1 Imaging
The first step of treatment planning is imaging. Radiotherapy uses different modalities

like computed tomography (CT), positron emission tomography (PET), magnetic
resonance imaging (MRI) and ultrasound [23]. These modalities are first used to give
a diagnose. In the planning process, such as contouring structures and dose planning,
CT is used. Here the other imaging modalities could be used as guidelines for
contouring the different organ structures. CT is used due to the soft tissue contrast,
high resolution and bone contrast which is useful especially in tumors arising in the
head [3]. However, MRI shows better location and improved contrast between normal
tissue and tumors [12]. PET images gives information about functional or biological
characteristics of the tissue [48]. Further, imaging could be used under the time of the
treatment in order to check the quality of the treatment. Imaging is also used after the

treatment to check the tumor response to radiation.

From an CT-image it is possible to get information about scattering of radiation and
attenuation of the different tissues [49]. The CT images is therefore used to calculate
how radiation is deposited in the patient. In order to calculate this, the tissue needs to
be study. Each tissue has their own attenuation coefficient (u) of radiation. A CT use
these coefficients to produce a grayscale image. Hounsfield units (HUs) calculate this

attenuation coefficient into grey tones [50]. The Hounsfield unit is described by:

HU = Utissue — Hwater 1000

Hwater — Hair

Where U;issuer Uwater @Nd Uy are the attenuation coefficients for chosen tissue, water
and air [51]. An example is if the HUs are high, the tissue on the image will be bright.
This could indicate bones on the image. The attenuation of the x-rays is proportional
to the tissue density [50]. This means that from these HU measurements, the stopping
power of proton is derived [49]. The use of CT is also one of the reasons for general
uncertainties in proton therapy [52]. This is due to the restrictions of calibration of HUs,
CT artifacts, converting CT numbers to stopping power and CT information, such as

noise and resolution [42, 52].
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5.2 Structures used in radiotherapy
The Gross tumor volume (GTV) is the visible location of malignant tissue. The GTV is

located by using imaging tools like CT, MRI and ultrasound. The volume could also in
some cases be located by clinical examination. Clinical target volume (CTV), on the
other hand, is the volume which contains GTV and microscopic metastasis. CTV needs
to be treated to achieve the goal of radiotherapy, curative or palliative treatment. This
volume has normally a variable margin which depends on the formation of the tumor,
usually around 1 cm [4]. Planning target volume (PTV) include CTV and a margin due
to uncertainties. Set-up errors, organ motion and breathing could be some of these
[53]. PTV is the target volume for dose planning and the treatment machine. In proton
planning, the CTV is used as a target volume and not PTV. This is due to the depth
uncertainties in proton treatment and not the lateral uncertainties, such as in photon
treatment. If PTV was used as a target volume in proton planning, each beam had to
have a different PTV [54]. Organs that could be exposed to radiation is called organ at
risk (OAR). In the treatment planning it is important to avoid radiation to the OAR as
much as possible [4]. The OARs have constraints about how much radiation they are
allowed to absorb, see chapter 6.2.1. Figure 5.1 shows a representation of the different
structures CTV, GTV and PTV.

Figure 5. 1: Representation of the different target volumes GTV, CTV and PTV [6].
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5.3 Plan
The dose planning starts after the different volumes has been contoured. The IMPT

plans could be designed in two ways: single-field optimization (SFO) or multiple-field
optimization (MFO) [47]. In SFO each field is first individual optimized. The fields will
then combine and be weighted to give the desired dose. The fields in MFO, on the
other hand, is first combined and then optimized at the same time. MFO usually gives
a better plan than SFO. However, there are often adaptions in optimization due to

uncertainties such as changes in tumor and anatomy [47].

The planning process to create treatment plans for IMPT and PAT is called inverse
planning. This means that the planner decides dose to the target volume and dose
limits for the other structures. The program will then make a dose distribution which

will match these demands [55].

5.3.1 Robust Optimizing
For a planner to optimize a dose plan, there are two options: PTV optimization or robust

optimization. It is becoming increasingly common to use robust optimization for a better
treatment plan. In order to understand robust optimization, | would like to define what
robust means in this case. Robustness means unaffected for small deflections from
the assumptions [56]. Robust optimization implies an optimization which is less
sensitive to uncertainties, such as setup errors, tumor changes and proton range. The
system will than make necessary spots based on the uncertainties [57]. In order to take
uncertainties into consideration a type of robust optimization called voxel-wise worst
case is used. In this optimization a worst dose distribution of each voxel is calculated
by looking at different uncertainties [42]. These worst-case voxels will then be used in
the optimization. In order to make a robust IMPT plan, this method has been efficient
[42]. However, it should be mentioned that robust optimization does not necessarily
mean a reduced number of uncertainties. It reduces gradients in the dose distribution

that makes them less sensitive for uncertainties [18].
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5.4 Plan evaluation
In order to evaluate the different dose levels in a treatment plan, multiple methods are

used. In a dose planning system, dose levels from the treatment plans are shown on
the CT images of the patients. The doses could be shown as color wash or isodose
lines, in both percentage and Gy. This is used to see how much of the volume is
covered and if the dose distribution is uniform.

To evaluate a plan in radiotherapy, a graphical distribution called a dose volume
histogram (DVH) is used. Each organ at risk and the target volume has an DVH which
shows dose as a function of volume. All of the organs DVHs is shown in the same plot.
Figure 5.2 shows an example of a DVH. The pink line represents the target volume,
and the yellow line represent an organ at risk. Each DVH will have a start at 100% of
the volume at zero dose [4]. The aim for the target is to get 100% dose to 100% of the
volume. Due to consideration for OAR, the DVH of the target often has a bending curve
around 100% dose. The tail comes from proton interactions as mentioned earlier. The
aim for the yellow line is to get as low dose as possible to the volume. For example,
while 100% of the target volume gets 10.8 Gy[RBE] only 40% of the OAR gets the
same dose. By comparing DVHs from different plans, the planner could evaluate the
treatment plans [3].

Dose [Gy]

Ratio of Total Structure Volume [%]

Relative dose [°o]v

Figure 5. 2: An example of a dose volume histogram (DVH). The pink line is the target volume and the yellow line is an organ
at risk.

In order to give the best possible treatment for patients, knowledge about how the
different radiation doses influence the healthy tissue is important. | 1991, Emami et al
[58] published a paper about the tolerance of normal tissue in radiation treatment. In
this paper the risk of damaging the normal tissue from new technology, such as IMRT,

was in focus.
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From literature and clinical experience, they accomplish to make dose tolerances to
different normal tissue volumes. After Emami et al. publish their paper radiation dose
to normal tissue has been explored in several studies [59]. In order to update Emami
guidelines, quantitative analysis of normal tissue effects in the clinic (QUANTEC) group
was formed. QUANTEC gives therefore information about dose, volume and outcome
for different organs and side effects. Physics use these guidelines to decide dose
constraints for organs [60]. Pediatric normal tissue effects in the clinic (PENTEC), on
the other hand, is a report under production that contains information about the
tolerance for the normal tissue of children. This tolerance is decided by looking at
radiation, dose and volume [61]. Further, the information in PENTEC could define other
radiation dose constraints for children, than adults. In order to evaluate the treatment
plans, the dose to organs at risk needs to be within the constraints presented in
QUANTEC/PENTEC. In addition to OAR constraints, the International Commission of
Radiation Units and Measurements (ICRU) recommend a target dose distribution
between 95%-107% [62].
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6. Materials and methods

6.1 Treatment plans
In order to make the treatment plans in this project, the Eclipse™ treatment planning

system version 16 (Varian Medical Systems, Palo Alto, CA, USA) was used. Initially,
treatment plans with increasing number of fields were made on one patient with a
germinoma brain tumor. This was performed in order to select the optimal number of
fields to apply when making arc plans in a larger cohort. Further, treatment plans with
3 field IMPT and 8 field PAT were generated on 10 children with ependymoma. All

treatment plans were simulated in silico on previously treated patients.

6.1.1 Patient material
All patient data was selected from an anonymized cohort from a previous study

approved for use by the regional ethics committee. One patient with germinoma and

10 pediatric patients with ependymoma were included. The ependymoma patients had
tumors overlapping with the brainstem. Most of the patients also had tumors
overlapping with the spinal cord. For the patients with an ependymoma that overlapped
with the spinal cord, a contracted CTV was made in addition to the original. This new
CTV was the original CTV minus the overlapped part + 5mm. In order to spare the
spinal cord, the CTV overlap volume dose was limited to the dose constraints for the

spinal cord.

6.1.2 Proton therapy with increasing number of fields
Six different treatment plans were made for the patient with germinoma. The

prescribed dose for the CTV was 36 Gy(RBE), with 1.8 Gy(RBE) per fraction and 20
fractions. The relative biological effectiveness value 1.1 was used. Each plan was
robustly optimized with an isocenter shift at + 0.2 cm and the calibration curve error
set to + 3 %. The treatment plans were made with 3, 6, 8, 12, 16 and 20 fields (figure
6.1).
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Figure 6. 1: The different treatment plans with increasing number of fields. a) 3 fields, b) 6 fields, c) 8 fields, d) 12 fields, e) 16
fields and f) 20 fields

6.2.3 Proton arc therapy
For each patient, two treatment plans were made shown in figure 6.2. The first

treatment plan was an IMPT plan with 3 treatment fields at 95°, 180° and 265°. The
arc plan was made as a 170° arc, meaning that this plan was constructed with 8 fields
between 95° and 265°. The prescribed dose for the CTV was 54 Gy(RBE) delivered
with 30 fractions, 1.8 Gy(RBE) per fraction. The relative biological effectiveness value
1.1 was used. Each plan was robustly optimized with respect to isocenter shift of + 0.2

cm and the calibration curve error was + 3 %.
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Figure 6. 2: The setup of the fields for the IT and PAT plans. The IMPT /an (to the left) has fie/ds with gantry
angles at 959 180 °and 265 ° The PAT plan (to the right) has a 170 °arc with gantry angles from 95 °to 265 °.
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6.2 Plan evaluation and comparison
In order to make an evaluation between the two treatment plan modalities, several

parameters have been reviewed. Both the target volume and organs at risk were
evaluated by using dose constraints and DVH parameters. The target volume was also
evaluated with a robust evaluation of the treatment plans. For the brain, the integral
dose was calculated to evaluate the overall difference in dose distribution between the
IMPT plan and PAT plan.

6.2.1 Clinical goals
To evaluate different treatment plans, organs at risk and the target volumes has dose

constraints of how much radiation is acceptable. The constraints used in this study is
taken from the European Particle Therapy Network (EPTN) where QUANTEC is used

as a reference [63]. The constraints are shown in figure 6.3.

Organ o/p (Gy) Dose constraint EQD2
Brain 2 Vso Gy = 3 cc
Brainstem 2 Surface Dg g3 ¢ =60 Gy
Interior Do o3 cc < 54 Gy
Chiasm & Optic nerve 2 Doo3 ce = 55 Gy
Cochlea 3 Diean = 45 Gy
Dmcan = 32 Gy
Cornea 3 Doo3 e = 50 Gy
Hippocampus 2 Daoz < 73 Gy
Lacrimal gland 3 Dmean < 25 Gy
Lens 1 Doo3 cc= 10 Gy
Pituitary 2 Dmean = 45 Gy
Dmean = 20 Gy
Retina 5 Doz cc = 45 Gy
Skin 2 Doo3 e = 25 Gy

Figure 6. 3: The dose constraints for the organs at risk used in the treatment plans. EQD2 means equivalent dose in 2 Gy
fraction, Do.os cc: dose to 0.03 cm?3 of the organ, Dmean: mean dose to the organ and D40%: mean dose to 40% of the volume
[63].

For the spinal cord and CTV, the constraints Dmax < 45 Gy(RBE) and Dggy = 95% from
Dansk neuro-oncology group (DNOG) was used [64]. In figure 6.3 the constraints are
written in several ways. Most of the constraints are written in Dmean Or Do0.03 cc. Dmean
means the mean dose given to the OAR and Do.03 .c means the dose given to 0.03 cm?
of the volume. The brain, on the other hand, has a constraint written as Veso gy < 3 cc.
This means that the volume of the brain which achieve 60 Gy should be less or equal
to 3 cm?3. The hippocampus constraint, Dov < 7.3 Gy, means that the dose to 40% of
the volume should be less or equal to 7.3 Gy. It is important to note that this constraint
concerns both of the hippocampi.
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At the same time, some of the OARs in figure 6.3 has two different constraints. This is
due to that some OAR could have different endpoints which occurs at different
constraints. For example, the cochlea has one constraint for hearing loss and one for

tinnitus.

6.2.2 Integral dose
The volume integral of deposited dose in a patient is called the integral dose (ID). The

calculated ID is used to compare absorbed dose in the target volume and the patient
body [65]. Since the patient body depends on how much the CT images cover, the
brain is used as the patient body in the calculation of the ID. The integral dose (ID) is
defined as:

ID=D-V (6.1)
Where D is the mean dose delivered to the organ and V is the volume of the organ in

liter [65]. The integral dose is measured in GyL.

6.2.3 Robust evaluation
There was also done a robust evaluation of the different treatment plans. In order to

evaluate the plan uncertainties doses to the CTV. The shift of the isocenter was + 0.2
cm and the calibration error were + 3 %. These uncertainties were used both combined
and separately, which resulted in 20 uncertainties. In the different treatment plans
D98% and V95% was found on the lowest DVH of the CTV. D98% means the dose
98% of the volume has received and V95% equals how much of the volume has

received 95% of the dose.

6.2.4 Statistical analysis
To make a statistical analysis, the non-parametric Wilcoxon signed-rank test was used.

This test is used to compare dependent samples when the data is not normally
distributed [66]. The test was used in this thesis to evaluate statistically differences
between the different parameters evaluated for the different organs at risks. These
parameters were mainly mean dose and Do.oscc for the OARs in the two treatment
plans. For hippocampus the evaluated parameter was Da4o%. The Wilcoxon signed-rank
test has two hypotheses, Ho and H1. The null hypothesis, Ho, suggest that there is no
difference between the two samples. The median of the two samples is therefore

symmetric about zero.
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The other hypothesis, H1, propose that the median of the two samples is different from
each other. In order to do these calculations, the software SPSS 26 was used. The p-
value <0.05 was considered significant. To evaluate a difference between two groups
of data, the absolute value of the difference is ranked [66]. The values are ranked from
lowest to highest, where the lowest value of the differences is ranked 1. To calculate
the test statistics, W, the equation 6.2 is used:

N
i=1

Where R; is the rank of the differences and V; indicates the sign of the value [66].
Further, the standard deviation, Var(W) ,and the mean value of the statistics, y,, is
given by:

Var(w) = \[N(N + 12)i2N +1) (6.3)

N(N+1)
Pw =7 (6.4)
Where N is the number of observations. For a large sample, the unit of normal
distribution, z, is found by the following equation:
W — uy

Z= Var(W) 6)

To find the p-values for a two-tailed test, equation 6.6 was used.
p=2(1-lzl) (6.6)
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7. Results

The results from the treatment plans of the germinoma patient with increased number
of fields are presented in chapter 7.1. Further, the comparison of the IMPT plans and

PAT plans for the pediatric ependymoma patients is shown in chapter 7.2.

7.1 Proton therapy with increasing number of fields
The DVHs for all 6 treatment plans are presented in figure 7.1. For the CTV, the plan

with 3 fields gave highest dose to the target volume. The PAT plans with 6, 8 and 16
fields resulted in a lower dose to the target volume than the plans with 12 and 20 fields
(figure 7.1). However, the plans with 12 and 20 fields gave a higher dose to the small
volumes of CTV, than the rest of the plans. Hippocampus was the organ with the most
differences across the dose in figure 7.1. The plan with 3 fields gave much higher dose
to the hippocampus compared to the rest. Further, the plan with 6 fields delivered the
lowest dose to hippocampus. The plans with 12 and 20 fields were quite similar. As
was the plan with 8 and 16 fields but delivered a lower dose then the two others to
hippocampus. The dose to the brain was quite similar for all the plans (figure 7.1).
However, the plans with 8 and 16 fields delivered a lower dose than the rest, especially
from 20 Gy(RBE). For both cochleae, the plan with 20 fields gave a higher dose than
the rest of the plans which were quite similar, shown in figure 7.1. In appendix A, an

overview of the DVHs for the 3, 8 and 20 fields plans are shown.
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Figure 7. 1: The DVHs for CTV and different OARs from treatment plans with increased number of
fields.

For all the treatment plans, the integral dose for the brain was calculated. The results
are shown in figure 7.2. The plan with the highest integral dose at 23.10 Gy(RBE)L
was the plan with 20 fields. The lowest integral dose at 21.36 Gy(RBE)L was given
from the plan with 6 fields. However, there was only minor variation in the integral dose
between different treatment plans. The difference between the highest and lowest
integral dose was 1.74 Gy(RBE)L.
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Figure 7. 2: Integral dose to the brain for the treatment plans with increasing number of fields

7.2 Proton arc therapy for selection of ten pediatric ependymoma
In this part of the thesis, 10 pediatric patients with ependymoma were retrospectively

treatment planned with IMPT and PAT, and then compared. The number of fields used
in the PAT plans was based on the results in chapter 7.1. The PAT plans were
therefore made with 8 fields.

Overall, the results showed that the dose distribution for the target volume was better
for the PAT plans than the IMPT plans. Figure 7.3 shows a CT slice of patient case 9
with dose distribution for both treatment plans. The dose distribution for the PAT plan
is more homogenous than the IMPT. Figure 7.3 shows that there are more cold spots
within the target volume for the IMPT plan. However, for the PAT plan the whole
brainstem is covered with 95% dose or more. The IMPT plan has an area where there
is lower dose than 95%.
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Figure 7. 3: A CT slice of the dose distribution for a IMPT and a PAT plan. The two lowest slices
show the dose distribution from 95% of the prescribed dose. The blue line represents the brain,
the pink (sometimes yellow) line is the tumor and the red line represent the brainstem.

In the statistical analysis, the results of Wilcoxon signed-rank test are presented in
table 7.1. The different dose parameters to the organs are presented with median and
the range in parenthesis. The bold p-values in both tables have rejected the Ho
hypothesis. This means that only two organs, hippocampus and spinal cord, retain the
Ho hypothesis. By retaining the hypothesis means that there is no significant difference
between the two proton plans. The rest of the descriptive statistics and p-values is

presented in appendix B.
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Table 7. 1: For the target volume and different organs at risks the median (range) doses for both the IMPT plans and PAT
plans are presented. The different dose parameters are also presented for the different organs. The bold p-values has
rejected the null hypotheses in the Wilcoxon signed-rank test.

Structures
Valued dose IMPT PAT p-

parameters  Median (range) Median (range) value

CTV | Dos% [%] 96.16 (95.46 —97.43) 96.67 (95.40 — 97.84) 0.007

Hippocampus | Dao% 6.93 (6.13 - 7.21) 6.53 (3.61 - 7.03) 0.260
[Gy(RBE)]

CochleaRt | Dmean 18.31 (1.27 — 29.68) 9.32 (0.77 — 30.34) 0.009
[Gy(RBE)]

Cochlealt | Dmean 18.86 (4.28 — 31.99) 12.32 (2.79 - 30.96) 0.005
[Gy(RBE)]

Spinal cord | Do.ozcc 43.89 (41.22 —44.67) 44.07 (41.58 —44.89) 0.678
[Gy(RBE)]

Pituitary | Dmean 0.07 (0.00 — 16.92) 0.99 (0.01 — 16.87) 0.013
[Gy(RBE)]

Brainstem | Dmean 41.73 (33.22-47.89) 43.05(34.61—-48.94) 0.005
[Gy(RBE)]

Brainstem | Do.oscc 55.33 (54.22 - 56.10) 55.10 (53.82 — 55.78) 0.009
Surface | [GY(RBE)]

Brainstem | Do.oscc 53.02 (562.30 — 53.52) 52.74 (52.33 — 55.48) 0.028
Core | [GY(RBE)]

Further, figure 7.4 shows the median of the different structures of all 10 patients. The
target volume has a slightly higher coverage with the PAT plans. The DVH of CTV
shows that the IMPT plans gave a little higher dose to the small volumes. For the
brainstem, the DVH showed that the PAT plans gave a higher dose than the IMPT
plans. The DVHs for the brainstem core and surface is shown in appendix C. Both the
right and left cochlea received a much lower dose with the PAT plans. The difference
is almost 10 Gy(RBE) for the right cochlea, but a bit lower for the left cochlea. The
dose to the hippocampus, is slightly lower for PAT plans. The plan that gives the lowest
dose to the spinal cord varies. Before 20 Gy(RBE) the PAT plan is a little better. After
20 Gy(RBE) a lower volume of the spinal cord is affected with the IMPT plan compared
to the PAT plan. For the pituitary, the dose is quite low for both plans. However, the
PAT plans gave a bit more dose to the pituitary.
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Figure 7. 4: The median DVH for the target volume and OARs for all 10 patients is presented for
both treatment plans. The straight line is the IMPT plans and the dotted line is the PAT plans.

The coverage of the target volume for all 10 patients are shown in figure 7.5. For almost
all patients, the D98% coverage of the CTV was better in the PAT plans than with
IMPT. However, the range was wider for the PAT plans because of an outliner. In figure
7.6, Dogy, of CTV is shown for all ten patients. The PAT plans have a better coverage
of CTV on almost all patients. The biggest dose coverage difference between IMPT
and PAT is for patient 2 with 1.8%. For the PAT plans, there is one patient with a
coverage at 95.4%. The rest of the patients has a coverage between 96% and 97.8%.
For the IMPT plans, the range is between 95.5% and 97.4%.
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Figure 7. 5: The CTV Dogy is shown for the IMPT and PAT plans. The box represents that 25% of the
observations is under the box and 25% of observations is over the box. The black line in the box is the
median. The black lines outside the box represent the range
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Figure 7. 6: The CTV Dasy is shown for all 10 patients for both treatment plans. The green line represents the
IMPT plans, and the pink line represent the PAT plans
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For the hippocampus dose evaluation constraints were Dasoy < 7.3 Gy(RBE). The
results are shown in figure 7.7. For all ten patients the PAT plan gives a lower dose to
the hippocampus. The median for PAT is 0.4 Gy(RBE) lower than the median for IMPT.
For the PAT plans, there are 2 patients with a much lower dose to hippocampus than
the rest at 3.61 Gy(RBE) and 5.63 Gy(RBE), respectively.
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Figure 7. 7: D4os% [GY(RBE)] for hippocampus is represented for both treatment plans. The box represents that
25% of the observations is under the box and 25% of the observations is over the box. The black line in the
box is the median. The black lines outside the box represent the range. The black dots represent outliners.

In figure 7.8, the Dmean [GY(RBE)] is represented for all patients for the structures
brainstem, both cochleae and pituitary. For the cochleae the dose constraints were
Dmean < 45 Gy(RBE) and Dmean < 32 Gy(RBE). As figure 7.8 shows, the median is
much lower for both in the PAT plans with 9.32 Gy(RBE) and 12.32 Gy(RBE) compared
to 18.31 Gy(RBE) and 18.86 Gy(RBE) with IMPT plans. The difference between the
median for the treatment plans are smaller for the left cochlea. The range, however, is
almost the same for both treatment plans that belongs to the same cochlea. The
difference between the first and third quartile are also a bit larger for the IMPT plans.
For the pituitary with the lowest dose constraint Dmean < 20Gy(RBE), the median for
the PAT plans 0.99 Gy(RBE) is slightly higher than 0.07 Gy(RBE) from the IMPT plan.
The range, however, is almost the same for both techniques.
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The median for Dmean [GY(RBE)] given to the brainstem is 43.05 Gy(RBE) for the PAT
plans compared to 41.73 Gy(RBE) for the IMPT plans. Further, the range is almost the

same for both treatment plans.
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Figure 7. 8: Dmean [GY(RBE)] for brainstem, both cochleae and pituitary from both treatment plans. The box represents that 25%
of the observations is under the box and 25% of observations is over the box. The black line in the box is the median. The black
lines outside the box represent the range.

To have a closer look at the different patients for the brainstem and pituitary, the Dmean
[Gy(RBE)] for each patient is given in figure 7.9 and 7.10. For the brainstem the PAT
plans gave a little more mean dose to all of the patients (figure 7.9). The difference
was 0.5 - 1Gy(RBE) for each patient. The mean dose to pituitary is shown for all
patients in figure 7.10. Here the dose was quite similar for both plans. There are,
however, 3 patients which had a much higher mean dose compared to the other cases
to the pituitary for both techniques.
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Figure 7. 9: Dmean [GY(RBE] for the brainstem is presented for each patient in both treatment plans. The
blue line represents the IMPT plans and the red line represent the PAT plans.
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Figure 7. 10: The Dmean [GY(RBE)] for pituitary is presented for each patient with both treatment plans.
The blue dots are the IMPT plans and the red dots is the PAT plans.
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Further, the Do.oscc [GY(RBE)] for the structures brainstem core and surface are
presented in figure 7.11. Here the dose constraints for core were Do.o3cc < 54 Gy(RBE)
and for the surface it was Do.o3cc < 60 Gy(RBE). For the both the core and the surface,
the median is slightly lower for the PAT plans with 52.74 Gy(RBE) and 55.10 Gy(RBE)
compared to 53.02 Gy(RBE) and 55.33 Gy(RBE) for the IMPT plans. The range for the
core is a little smaller for the PAT plans. The distance between the first and third
quartile of the patients is higher for the PAT plans for the brainstem surface. The range

is also higher for the PAT plans compared to the IMPT plans.
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Figure 7. 11: Do.03 cc [GY(RBE)] for brainstem core and surface from both treatment plans. The box
represents that 25% of the observations is under the box and 25% of observations is over the box. The
black line in the box is the median. The black lines outside the box represent the range.

In figure 7.12, Do.o3cc for both surface and the core for all patients is presented. For the
core of the brainstem, shown with blue dots for IMPT and red dots for PAT, there is not
much difference between IMPT and PAT plans for the patients. However, for the
surface of the brainstem, shown with green dots for IMPT and orange dots for PAT,
there is a higher difference for some patients. For 3 of the patients the IMPT plans

gives 1 Gy or more, higher dose to the surface.
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Figure 7. 12: The Do.oscc [GY(RBE)] for brainstem core and surface is presented for each patient in both
treatment plans. For the brainstem core, the blue line represents the IMPT plan and red line represent
the PAT plan. For the brainstem surface, the green line is the IMPT plan and the orange is the PAT plan.

For the spinal cord with the constraint Do.oscc < 45 Gy(RBE), the Do.osec [GY(RBE)] of
both IMPT plans and PAT plans is represented in figure 7.13. The median is slightly
higher for the PAT plans with 44.07 Gy(RBE), compared to the IMPT plans 43.89
Gy(RBE). The difference between the first quartile and the 3 quartile is much bigger
for the PAT plans. The difference is about 1 Gy(RBE) larger. The range, however, is
almost equal for both treatment plans. The Do.oscc [GY(RBE)] for the spinal cord is
shown for all 10 patients in figure 7.14. The highest differences between the two plans
are for patient 4 and 5. For patient 4 the PAT plan gives a dose 1 Gy(RBE) higher than
the IMPT plan. Further, patient 5 gets almost 1.5 Gy(RBE) more with the IMPT plan.

The rest of the patients gets a quite similar dose from both treatment plans.
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Figure 7. 13: Do.03cc [GY(RBE)] for the spinal cord is presented for all 10 patient with both IMPT and PAT
plans. The box represents that 25% of the observations is under the box and 25% of observations is over the
box. The black line in the box is the median. The black lines outside the box represent the range.
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Figure 7. 14: The Do.oscc [GY(RBE)] for spinal cord is presented for each patient in both treatment plans. The
pink line represents the IMPT plans and the green line represent the PAT plans.

The integral dose for the different patients is shown in figure 7.15. The median is
slightly higher for the IMPT plans with 8.46 Gy(RBE)L compared to the PAT plans 8.39
Gy(RBE)L. The range is approximately the same for both plans. In figure 7.16, the
integral doses are shown per patient. Here the difference between IMPT and PAT
plans is shown in patient 6 and 7. However, the plan which gives the lowest integral

dose vary between these patients.
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Figure 7. 15: The integral dose to the brain [Gy(RBE)L] of all 10 patients for both treatment plans. The blue
box represents the IMPT plans and the red box represent the PAT plans. The box represents that 25% of the
observations is under the box and 25% of observations is over the box. The black line in the box is the
median. The black lines outside the box represent the range.
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Figure 7. 16: Integral dose to the brain [Gy(RBE)L] of each patient for both treatment plans. The
blue dots are the IMPT plans and the red dots is the PAT plans.

There was also made a robust evaluation on all 10 patients. The result of the robust
evaluation is shown in Feil! Fant ikke referansekilden.. For almost all 10 patients
both V95% and D98% were better for the PAT plans. V95% for patient 1 was the only
exception, where the IMPT plan was better. On patients 9 and 10 the V95% was over
99% for the PAT plans.
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Table 7. 2: Robust evaluation of IMPT and PAT treatment plans for 10 pediatric patients.

IMPT PAT
V95 [%] D98 [%] V95 [%] D98 [%]
Patient 1 96.14 92.81 95.63 93.03
Patient 2 94.17 91.24 97.86 94.82
Patient 3 95.69 92.82 96.28 93.90
Patient 4 96.41 93.82 97.38 94.19
Patient 5 97.79 94.74 98.86 96.24
Patient 6 94.54 92.44 98.27 95.37
Patient 7 98.15 95.09 98.55 95.40
Patient 8 97.87 94.79 98.68 96.28
Patient 9 98.46 95.26 99.19 95.90
Patient 10 98.93 95.93 99.49 96.67
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8. Discussion
The aim of this thesis was to compare IMPT plans with PAT plans for ten pediatric

patients with ependymoma. The first part of the project was to investigate proton plans
with increasing number of fields in order to decide the optimal number of fields to use
in the arc plans onwards. The results showed little benefit beyond 8 fields. Further, the
treatment plans on the pediatric patients were investigated by evaluating the dose
distribution to the target volume and organs at risk. The results showed that 8-field
PAT plans had the potential to further spare some organs at risk and improve
robustness to the target volumes. It should be noted that all DVH constraints were

maintained in the treatment plans.

For the first part in thesis, as figure 7.1 showed, most of the organs (except
hippocampus) got a quite similar dose distribution regardless of the number of fields.
For hippocampus, there was a huge spread from the plan with 3 fields to the rest of
the plans. One cause for this were that with several fields, it was easier to modulate
the dose distribution around the hippocampus, which resulted in giving the organ a
lower dose. With less fields, the dose was distributed within these fields and it is harder
to avoid the organs at risk. However, the plans with 12 and 20 fields gave a higher
dose than the plans with 8 and 16 fields. A reason could be that there were different
gantry angles between the plans with many fields. By looking at figure 6.1, the plan
with 20 fields had a larger field trajectory than the other plans. The plan with 12 fields
had gantry angles that were not evenly distributed compared to the other plans. The
fields could therefore be spread over a larger area for some of plans. Further, the
gantry angels could be a reason that the integral doses were also higher for the plans
with 12 and 20 fields. With more gantry angels, the opportunity for giving a dose
distribution around the different OARSs is higher.
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One of the major challenges of the treatment planning for ependymoma was the
balance between the CTV coverage and dose to the brainstem and spinal cord. Since
all the patients had an overlapping CTV with the brainstem, the doses given to the
brainstem were close to the dose constraints, given in figure 6.3. This was without
sacrificing CTV coverage. However, the CTV coverage was better in the PAT plans
than the IMPT plans. The dose distribution in the PAT plans gave also fewer cold spots
compared to the IMPT plan (fig 7.3). For the patient with the greatest difference in
coverage seen in figure 7.6, the ependymoma was located lateral to the brainstem on
the right side. The arc plan had therefore an advantage with several fields on the right
side, compared to the IMPT plan that only had one.

Since the CTV coverage was better for the PAT plans, the brainstem received a higher
mean dose with these treatment plans because of the overlap. It is therefore possible
that the PAT plans could have been further optimized on the overlapping part of the
CTV and the brainstem to reduce the mean dose to the brainstem. The brainstem is
responsible for many vital functions, such as breathing and blood circulation. Damage
to this organ is therefore critical and could be a deadly complication [63]. However, the
PAT plans delivered a lower maximum dose (Do.oscc) to the brainstem core and surface
(figure 7.11). Results from a large study with 150 pediatric ependymoma patients
treated with proton therapy, showed that the median of the maximum dose for the
brainstem was 55.1(49.6 — 60.5) Gy(RBE) [67]. This result was quite similar to what
was achieved for both the treatment techniques in this thesis. The range, however,
was wider in that study, likely due to the number of patients included in the study
compared to this project. The tumors in our study also had a very similar location which
could influence the range results. Further, two earlier studies for head and neck cancer,
also found that the Doo3cc dose for the brainstem was reduced with PAT plans
compared to IMPT plans [52, 68]. It should be mentioned that these studies were done
on head cancers, in adult patients. In this study, one of the patients with the greatest
difference (patient 6), had a tumor located laterally of the brainstem. This is similar to
the locations of the tumors in the study of Liu et al. [68], which studied biliteral head
and neck cancer. There might be a greater advantage with PAT treatment for patients

with tumors located laterally of the brainstem.
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The other patient with considerable difference between the plans, patient 5, had a
tumor located posterior to the brainstem and barely overlapped with the organ. The
patient also had a smaller ependymoma compared to the rest of the patients. By taking
the location and volume of the ependymoma into consideration, there were
resemblance to the results of Blanco Kiely and White [52] study of chordomas. There
might be an indication that PAT plans could reduce dose to smaller volumes near

organs at risk.

One of the most common long-term dysfunctions of radiation treatment of the brain is
cognitive impairment, hereunder memory loss [63]. Dysfunction of hippocampus has
been associated to this side effect. For pediatric patients, damage to the hippocampus
also reduces the ability to learn [63]. Sparing dose to the hippocampus was therefore
important in this thesis. In figure 7.7, the PAT plans had two patients with a lower Do
to the hippocampus. These two patients had in common that the CTV was very narrow
in area of the hippocampi. The PAT plans therefore spared the hippocampus because
of the beneficial location compared to the rest of the patients. Further research could
be done on patients with a narrow CTV in the area between hippocampus, to
investigate if this group gets a lower dose to hippocampi with PAT plans. However,
both the PAT and the 3 field IMPT plans delivered a Dao% lower than the constraints
from EPTN in figure 6.3.

The study from Ding et al. [69] on proton arc therapy, showed that PAT spared the
hippocampus, compared to a 3-field IMPT. The Dao9 in the study was much higher for
the IMPT plan than the dose constraints used in this thesis. The Daoe, for the PAT plan,
however, was closer to the results in this project. The difference between the plans
were higher in their study and therefore also the results in sparing the hippocampus.
However, the study from Blanco Kiely and White [52] showed that PAT only spared the
left hippocampus. This result was with the Dmax and not Daos%. It should be noted that
both studies were done on other types of cancers, such as chordoma and head and
neck, and with other doses per fraction than this project. The patients were also adults
and not pediatric. They also used different number of fields. In the study from Blanco
Kiely and White [52], there were 37 beams angles compared to this project with 8 beam
angles.
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Even though the results in this project showed that there was no statistical difference
between the plans for doses to the hippocampus, there are other studies with different
results. Since neither the results or the cancer types are the same, more research on
the potential of PAT plans sparing the hippocampus is needed.

One of the most important complications of the inner ear from radiotherapy is hearing
loss. Almost 44% of the patients treated with radiotherapy where one or multiple of the
beams passes the inner ear experience this side effect [63]. Another side effect, which
could occur in the inner ear, is tinnitus. This disorder has characteristics such as ringing
in the ears and constant hearing noise [63]. For pediatric patients who have long lives
ahead of them, it is therefore important to spare the cochleae. As figure 7.8, shows,
both cochleae received a lower mean dose from the PAT plans. The distance between
3 quartile and end of the range is long for both cochleae on the PAT plans (figure 7.8).
There was one patient with a tumor located very close to the right cochlea, which had
a much higher dose to the right cochlea than the rest of the patients. The median in
table 7.1 showed that the mean dose to right cochlea is almost doubled for IMPT plans
compared to the PAT plans. For the left cochlea there is a smaller dose difference. The
reason for this is that for most of the patients the tumors are located closer to the
brainstem on the same side as the left cochlea. For this OAR, there were two patients
with a mean dose over 30Gy(RBE) for the IMPT plan and a slightly lower dose for the
PAT plan. These mean doses were very close to the dose constraint for tinnitus given
in figure 6.3. In two earlier studies comparing IMPT plans with PAT plans, both
cochleae gets a lower mean dose with the PAT plans [52, 69]. In this project the dose
difference between the plans were higher than in the two studies. As mentioned earlier,
all studies had a low number of patients but it is a clear trend that cochleae are spared

with arc treatment.

The pituitary is a gland which is regulating many processes such as growth and thyroid
gland function. Reduced function of this gland is common after radiotherapy treatments
of the brain [63]. It is therefore important to spare radiation dose to this organ for
pediatric patients. As figure 7.8 shows, the PAT plans gave a slightly higher mean dose
to the pituitary. The results from Blanco Kiely and Whites [52] also showed a higher
mean dose to pituitary with proton arc therapy.
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However, most of the mean doses to the pituitary does not exceed the dose constraints
given in figure 6.3, even though there are differences of almost 1 Gy(RBE) for some
patients in figure 7.10. There could therefore be a question if these minor dose
differences would result in a clinical difference. Undoubtedly, this could vary from
patient to patient depending on their individual radio-sensitivity. The patients with
highest mean doses to pituitary (patient 2, 6 and 8) had ependymomas closer to the
pituitary. These patients were also the closest to the dose constraint Dmean <
20Gy(RBE) which could result in growth hormone deficiency [63]. For these patients
the CTV coverage was much better with the PAT plans (figure 7.6). The dose to
pituitary was therefore higher with PAT plans due to the closer proximity of the CTVs
to the pituitary. An option for these patients could be to reduce the CTV coverage to
spare dose to the pituitary. However, since the dose does not exceed the dose
constraints this should not be necessary. Further, the patients with an ependymoma
placed in the posterior to brainstem has close to zero dose for both the PAT plans and
IMPT plans.

It should be noted that some of the patients in this thesis had an overlapping CTV with
the spinal cord. This could increase the dose to the organ. For patients with no overlap,
the location of the ependymomas were very close to the spinal cord. In two earlier
studies, the results showed that the dose to the spinal cord is decreasing with the PAT
plans [52, 68]. In these studies, the tumors are in different locations compared to this
thesis. For this study, the greatest difference between the treatment plans where PAT
plans gave a lower dose to the spinal cord is for patient 5, shown in figure 7.14. This
patient had a tumor overlapping with both the brainstem and the spinal cord. The tumor
also followed the spinal cord further down and covered the length of C2. This is a
comparable location to the tumors in the study by Blanco Kiely and White [52] with
chordoma, which showed decreased dose to the spinal cord with arc therapy. For
some patients, there could therefore be an advantage to use PAT plans over IMPT
plans to spare the spinal cord. Patient 4 had a tumor overlapping with the whole spinal
cord over the upper area. The PAT plans almost gave 1% higher CTV coverage on
this patient, and therefore contributed to higher dose to the spinal cord because of the

tumor location.
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However, in the studies and this thesis the Wilcoxon signed-rank test shows that that
there is no significant difference between the two treatment plans. Since all the
treatment plans are within the dose constraints and there is low variation between the

plans (except on patient 4 and 5), the result for the spinal cord is not decisive.

The integral dose to the brain, figure 7.15 and 7.16, was very similar for the both the
IMPT and PAT plans. One concern in proton arc therapy is that the low dose areas
increase with using more fields. For these patients, the increased number of fields did
not seem to make a difference for the integral dose. An earlier study on proton arc
therapy showed that the integral dose was decreased by using PAT plans [68]. This
study was, however, done on bilateral head and neck cancer with adult patients. The
integral dose was also calculated on the whole body compared to this thesis where it
was calculated on the brain. The PAT plan in the study also had a trajectory on 360°
compared to a trajectory on 170° in this thesis. There could be more differences in the
integral dose with fields from more angles. However, both the study and this thesis had
few patients so the results are uncertain. By looking at figure 7.16, there could be a
trend that there was greater difference between some patients than others. Especially
if the tumor was located laterally of the brain. However, there were no large differences
in this thesis. For the patients with ependymomas located in the posterior part of the
brainstem there were no significant differences in figure 7.16.

As table 7.2 shows the robust evaluation of the treatment plans were better for the PAT
plans except for the V95% on one patient. This patient had a large tumor, which is
overlapped with the brainstem from almost all angles. The tumor also had a regular
shape compared to the other patients who had an irregular shape. Toussaint et al. [19]
mentioned that regular shape could undervalue proton arc therapy. However, overall,
the PAT plans seemed to have a more robust dose coverage than IMPT. There were
also two patients who had over 99% coverage for V95% with the PAT plans. These
patients had smaller tumors located posterior to the brainstem. The two tumors were
not overlapping the brainstem in a large extent. Further, there should be performed

more research if smaller target volumes are more robust with PAT plans.
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A limitation with the analysis to decide on optimal number of beams to apply, were that
the increasing number of fields was made on a young patient with germinoma. This
tumor had a different location and size than the ependymomas in the pediatric patients.
By looking at the figure 6.1, the germinoma almost covered the entire vertical brain,
which made it a large target volume. The ependymomas, on the other hand, had a
smaller target volume mainly at the posterior part of the brainstem. The increasing
number of fields could therefore have been different if the target volume had a size
closer to an ependymoma patient. The number of fields could also be influenced by
the age of the patients, with the ependymoma cohort being younger than the

germinoma patient.

This thesis focused on the differences within dose distribution for the treatment plans.
However, as Toussaint et al. [19] mentioned, the treatment delivery efficiency should
be taken into further consideration. The delivery time of radiation could be a concern

for pediatric patients, especially if they need to be sedated.

54



9. Conclusion
The results of this thesis showed that 8-field PAT plans spared several organs at risk

for pediatric ependymoma patients, compared to 3-field IMPT. The PAT plans
reduced the dose to the cochleae considerably. The maximum doses to the
brainstem core and surface also got reduced with the PAT plans. This may indicate
that the probability for late effects with PAT plans are lower than with IMPT for these
organs. The mean dose to the brainstem, however, got a slightly increased dose with
the PAT plans. This also applies for the mean dose to the pituitary. The results
showed that the treatment techniques had no significant differences for the
hippocampus and spinal cord. The CTV coverage was slightly higher with the PAT
plans compared to the IMPT plans. When choosing the treatment plan, the location
of the ependymoma should be taken into consideration. Compared to the IMPT
plans, the PAT plans also improved the robustness to the target volumes. However,

more research on a larger patient group is needed for more secure results.
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Appendix A

In this chapter, the DVHs of the germinoma patient with fields 3, 8 and 20 is shown in
figure A.1. For the CTV, the plan with 3 fields gave a slightly better coverage
compared to the 8-fields plan which gave the lowest coverage. For the hippocampus,
the 8-field plan gave the lowest dose to hippocampus (figure A.1). The 3-field plan
gave a much higher dose to hippocampus compared to the other plans. For the
brain, the 8-field plan gave a lower total dose. The 3-field plan gave the lowest dose
until 5 Gy(RBE) before the plans with 3- and 8-field gave approximately the same
dose until 15Gy(RBE). For the cochleae, the 20 fields plan gave a higher dose than
the other plans. The 3 fields and 8 fields gave approximately the same dose.
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A. 1: DVHs for the germinoma patient with the treatment plans of 3, 8 and 20 fields. The organs shown is the CTV
(vellow), hippocampus (blue), brain(red), left cochlea (green) and right cochlea (pink).
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Appendix B

In this chapter, the results of the Wilcoxon signed-rank test are shown. In figure C.1

the descriptive statistics for different organs of both IMPT and PAT plans is shown.

Figure C.2 shows the normal distribution, z, and the p-values for the different organs.

Descriptive Statistics

Percentiles
N Mean Std. Deviation ~ Minimum  Maximum 25th 50th (Median) 75th
CTV IMPT 10 96,3460 ,78084 95,46 97,57 955325 96,1600 97,1525
Hippocampus IMPT 10 6,8020 34405 6,13 721 6,5475 6,9250 7,0000
CochleaRt IMPT 10 16,5198 9,32251 1,27 29,68 7,4420 18,3100 247775
Cochlealt IMPT 10 18,7550 9,64564 4,28 31,99 9,9350 18,8600 28,9900
SpinalCord IMPT 10 43,5510 1,23619 41,22 44 67 42,6900 43,8850 446150
Pituitary IMPT 10 4,7960 7,11289 ,00 16,92 ,0075 L0650 13,2150
Brainstem IMPT 10 41,2760 5,34987 33,22 47,89 35,0525 41,7250 46,8200
BrainstemCore IMPT 10 52,9540 37197 52,30 53,52 52,6075 53,0200 53,2025
BrainstemSurface IMPT 10 552480 56383 54,22 56,10 54,8275 55,3250 55,6800
CTV PAT 10 96,8480 ,91289 95,40 98,06 96,0700 96,6650 97,7350
Hippocampus PAT 10 6,3030 1,03343 3,61 7,03 6,2225 6,5250 6,9475
CochleaRt PAT 10 10,7440 9,03917 7 30,34 2,9700 9,3150 16,4500
Cochlealt PAT 10 13,6410 9,90892 2,79 30,96 51150 12,3200 20,7875
SpinalCord PAT 10 43,4870 1,34772 41,58 44 89 41,8225 44,0650 446125
Pituitary PAT 10 5,2640 7,24916 ,01 16,87 0625 9850 14,5050
Brainstem PAT 10 425148 502167 34,61 48,94 37,1405 43,0450 47 5157
BrainstemCore PAT 10 52,7810 36094 52,33 53,48 52,4625 52,7400 53,0375
BrainstemSurface PAT 10 547720 77035 53,41 5578 53,9250 55,0950 552425

B. 1: Descriptive statistics for CTV and organs at risk for both IMPT and PAT plans. N equals number of samples. The mean value
and standard deviation are shown in column two and three. Further, the minimum and maximum value of the samples is shown.
The first quartile, median and third quartile is shown in the last columns.

Test Statistics®

Brainstem

Surface

Hippocampus CochleaRt Cochlealt SpinalCord Pituitary Brainstem Brainstem PAT-
PAT - PAT - PAT - PAT - PAT - PAT- Core PAT- Brainstem

CTV PAT- Hippocampus CochleaRt Cochlealt SpinalCord Pituitary Brainstem Brainstem Surface

CTVIMPT IMPT IMPT IMPT IMPT IMPT IMPT Core IMPT IMPT
z -2,701° -1,125° -2,599° -2,803° -4158°  2497° -2,803° -2191° -2,601°
Asymp. Sig. (2-tailed) ,007 ,260 ,009 ,005 678 013 ,005 ,028 ,009

a. Wilcoxon Signed Ranks Test
b. Based on negative ranks.
c. Based on positive ranks.

B. 2: The normal distribution unit, z, and p-values is shown for the CTV and the different organs at risk
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Appendix C

The median DVHs for brainstem, brainstem core and surface are shown in figure C.1
The dose from the treatment plans for the brainstem core varies. Before 20 Gy(RBE)
gave both treatment plans almost equal dose to the volume. Between 20 Gy(RBE)
and 47 Gy(RBE), respectively, the PAT plan gave a lower dose. After 47Gy(RBE),
the PAT plans gave a slightly higher dose to the volume before they approximately
gave the same dose to a small volume. For the brainstem surface the PAT plans
gave a slightly higher dose until 20Gy(RBE). Further, the plans are equal until
45Gy(RBE) when PAT plans continued to give a slightly higher dose. For the small
volumes, the plans gave almost equal dose. For the brainstem, the PAT plans gave
a higher dose than the IMPT plans.
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C. 1: The median DVHs of the brainstem (red) , brainstem core (yellow) and surface (green)
for both IMPT and PAT plans for all ten pediatric patients. The dotted line represents the
PAT plans and the straight line represent the IMPT plans.
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