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Abstract
Over 50% of cancer patients will receive radiotherapy treatment at least once. Most patients are receiv-
ing photon radiotherapy. In this work very high energy electron (VHEE) radiotherapy is being studied
as a potential replacement for photon radiotherapy. VHEE beams have a favorable depth dependence
and the penumbra of VHEE pencil beams stays small deep inside the patient. Therefore, using VHEE
radiotherapy can potentially result in a lower dose being delivered to the organs at risk (OAR) in compar-
ison with clinically used volumetric modulated arc therapy (VMAT). New accelerator techniques allow
VHEE beam generators to fit in standard radiotherapy treatment bunkers. Therefore, VHEE therapy
can reduce the equipment costs in comparison with proton therapy and it can increase the treatment
quality in comparison with photon therapy. In this work the VHEE treatment plans are compared with
clinically used VMAT treatment plans for prostate and lung cancer.

VHEE treatment plans were generated for 6 patients with prostate cancer and 3 patients with lung
cancer. First, the pencil beam dose distributions were calculated for each patients using a Monte Carlo
particle simulation tool called TOPAS MC. Thereafter, the optimal intensities of the pencil beams were
calculated using iCycle, an automated optimization tool, which calculates the optimal treatment plan.
The VHEE treatment plans are generated with 9, 18 and 36 beams and the energies that are used are:
100, 200, 300 and 400 MeV. The treatment plans were normalized to a 99% PTV coverage of 95% of
the prescribed dose.

For the prostate case, the 100 MeV VHEE treatment plans deliver more dose to the organs at risk
(OARs) than the VMAT plan. The 18 beam 300 and 400 MeV VHEE treatment plans showed a dose
reduction in the mean dose of the patient, the rectum, the anus and the bladder, but a dose increase to
the left and right femoral heads. The 18 beam 400 MeV treatment plan reduced the dose to all OARs
in comparison with the VMAT plan, for the lung cases. Increasing the number of beams of the VHEE
treatment plan reduces the dose to the OARs, for both the prostate and the lung cases. Increasing the
energy of the electron beams also reduces the OAR dose for both cases.

VHEE plans reduce the dose to the healthy tissue, while keeping the PTV dose constant and can
therefore be considered as a possible replacement for photon radiotherapy.
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1
Introduction

Cancer is among the leading causes of death worldwide. In 2018, there were 18.1 million new cases
and 9.5 million cancer-related deaths worldwide. By 2040, the number of new cancer cases is ex-
pected to grow to 29.5 million per year, with the number of cancer related deaths increasing to 16.4
million.[1] 12.2% of these cancer incidents are lung cancer and 7.8% are prostate cancer.[2] Patients
with cancer can be treated with surgery, chemotherapy or radiotherapy and frequently these modalities
are used together. Radiotherapy is one of the main modalities for treating cancer. More than half of all
patients with cancer get radiotherapy treatment at least once during their care.[3] Figure 1.1 shows the
radiotherapy set-up using a linear accelerator.

Figure 1.1: Radiotherapy set-up using a linear accelerator.[4]

Most of these patients are treated with photons, with over 15.000 treatment machines for photon
radiotherapy worldwide.[5] Other clinical used modalities for external beam radiotherapy are the treat-
ment with electrons, protons or light ions. An important difference between these particles is their
percentage depth dose (PDD). This describes the dose distribution over depth. Figure 1.2 shows the
PDD for photons, electrons, protons and carbon-12 ions.

1



2 1. Introduction

Figure 1.2: Percentage depth dose (PDD) of photons. electrons, protons and carbon-12 ions.[6]

Low energy electrons deposit most of their dose early in the patient and because of that they are
used to treat skin cancer.[7] When increasing the energy of the electrons beyond 50 MeV, they have
a bigger range and they can reach deep seated tumors. These electrons are called very high en-
ergy electrons (VHEE). An advantage of VHEE beams is that they have a very small penumbra. The
penumbra is defined as the distance between 80% and 20% dose and it is a measure of how sharp
the beam is. The higher the energy of the electron beam, the smaller the penumbra stays in the pa-
tient. Photons deliver their dose over a large volume in the patient. Protons and other light ions deliver
most of their dose around a specific depth, this dose shape is called the Bragg peak. By changing the
energy of the incoming proton beam the peak distance at which most dose is deposited also changes.
Therefore, protons can deposit a lot of dose inside the tumor, while sparing the healthy tissue around
it. The treatment of cancer with protons has a lot of advantages in comparison with the treatment with
photons.[8] However, the biggest downside to proton radiotherapy is that it requires large and expen-
sive equipment.[9] Therefore, this work focuses on VHEE radiotherapy as a cost-effective alternative
to proton radiotherapy, while achieving clinically superior treatment plans in comparison with photon
therapy. This is done by comparing VHEE radiotherapy treatment plans with VMAT treatment plans for
treating prostate cancer and lung cancer.



2
Background Information

2.1. Radiotherapy
The aim of radiotherapy is to kill the tumor cells with the least amount of damage to the healthy tissue to
minimize negative side effects of the irradiation. The tumor can be irradiated by implanting radioactive
sources inside or next to the tumor (brachytherapy) or with radiation beams from outside the patient
(external beam radiotherapy). This report focuses on the latter. External beam radiotherapy was al-
ready used in the 1910s for treating skin cancers using X-rays, but still a lot of progress is being made
in this field.[10] Radiation beams deposit the highest dose a few cm under the skin, while a tumor gen-
erally lies at a depth of 5-20 cm. To mitigate this problem multiple angles are being used to create a
cross-fire at the tumor. By using multiple angles the required dose in the tumor volume can be reached
while keeping the dose in the healthy tissue low by spreading it out over a large area. The intensity of
each beam should be optimized to achieve the best treatment result.

Next to photons, also electrons, protons and carbon ions can be used for radiotherapy treatment.[11]
X-ray therapy modalities like intensity modulated radiation therapy (IMRT) and volumetric modulated
arc therapy (VMAT) are using a collimator to shape the broad beam as can be seen in Figure 2.1.

Figure 2.1: A multileaf collimator is used to shape the beam to spare the healthy tissue around the tumor.[12]

When charged particles are being used, pencil beam scanning can be applied. By using pencil
beam scanning the pencil beams, narrow beams with diameters to a few millimeter, are deflected by
magnets onto a grid. The intensity can be modulated by varying the time a pencil beam is aimed at a
certain grid spot. Pencil beam scanning is depicted in Figure 2.2.

3



4 2. Background Information

Figure 2.2: A charged particle beam can be scanned over the patient using magnets. Figure from [13]

2.2. Electron interactions
Electrons interact with matter by Coulomb interactions with the nucleus or the orbital electrons of an
atom. The electrons can be elastically scattered, they can excite and ionize atoms and they can radiate
energy by bremsstrahlung. When electrons interact via elastic scatter the angle of the electron changes
and it loses a part of its energy. For high energy electrons this energy loss is a very small part of
the initial energy.[14] Furthermore, electrons can excite atoms having inelastic interactions with the
orbital electrons. This may cause ionization of the atom in which a secondary electron can be emitted.
This process is depicted in Figure 2.3A. It is also possible for electrons to lose energy by radiating
bremsstrahlung. This happens when the electron is decelerated in the electric field of an atom due to
coulomb forces. The electron loses kinetic energy which is converted into a bremsstrahlung photon.
The produced photon spectrum is almost flat for high energy incident electrons.[15] The process of
bremsstrahlung is illustrated in Figure 2.3B.

Figure 2.3: Type of interactions of electrons with matter: A shows the excitation and ionization of an atom, B shows the creation
of bremsstrahlung.[16]

Electrons lose most of their energy with excitation and ionization of atoms and bremsstrahlung
radiation. To compare the energy loss due to the different type of interactions stopping power is used
for charged particles, which is the mean energy loss per unit path length. For electrons the term
collisional stopping power is used for energy loss by excitation and ionization of atoms and the term
radiative stopping power for bremsstrahlung. At 100 MeV these stopping powers are almost identical
and for higher energies the radiative stopping power becomes larger as can be seen in Figure 2.4.



2.3. Photon Interactions 5

Figure 2.4: Collisional, radiative and total stopping power for electrons in water. [17]

Radiation yield is the average fraction of energy which an electron radiates as bremsstrahlung when
slowing down completely. An estimation of the radiation yield Y for electrons with kinetic energy T (in
MeV) in water is given by the following formula [18]:

𝑌 ≈ 4.8 ⋅ 10−3𝑇
1 + 4.8 ⋅ 10−3𝑇 (2.1)

The radiation yield for 100 MeV electrons is around 0.324 and it increases for higher energy electrons.
Because a significant fraction of the energy is released as photons, it is also important to know how
photons interact with matter.

2.3. Photon Interactions
The most relevant interactions of photons with matter are the photoelectric effect, Compton scatter and
pair production. The interactions are illustrated in Figure 2.5.

Figure 2.5: The type of interactions photons can have.[19]

The photoelectric effect occurs when a low energy photon gets completely absorbed by an electron
and the electron receives more energy than its binding energy. The electron is then emitted by the
atom and it is then called a photoelectron. When the photon is not absorbed but only scattered it is
called Compton scattering. The emitted electron is then called a Compton electron.

The interaction is called pair production when an electron-positron pair is created by a high energy
photon. It can only occur near an atomic nucleus to satisfy conservation of energy and momentum.
Pair production is an interaction that only happens with high energy photons, because the photon is
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required to have at least the rest energy of the electron and positron combined, which can be calculated
using 𝐸 = 𝑚𝑒𝑐2 giving 1.022 MeV for the total energy a photon needs to have for pair production to
be possible. The remaining energy of the photon is transferred into kinetic energy of the produced pair
and recoil of the atomic nucleus.

Figure 2.6: Mass attenuation coefficients for photons in water.[20]

In Figure 2.6 the mass attenuation coefficients for photons in water are shown. From this figure, it
can be concluded that the dominant interaction types are the photoelectric effect for low energy photons
(below 50 keV), Compton scatter for mid range energy photons (between 50 keV and 50 MeV) and pair
production for high energy photons (above 50 MeV).

2.4. Tissue response
The tissue response when exposed to radiation is primarily the result of the damage inflicted to DNA.[21]
Radiation can cause single and double-strand breaks to the DNA which can result in cell death, mal-
functioning of the cell or genetic mutations. Radiation can damage DNA directly, but most damage
is done indirectly.[22] Direct damage is caused by ionization of a part of the DNA itself. The indirect
damage is caused via radiation-induced hydrolysis of water molecules. The created hydroxyl-radicals
(OH) are highly reactive and they damage the DNA structure.[22] Direct and indirect radiation dam-
age is illustrated in Figure 2.7. Currently it is not possible to predict the probability of a specific cell
being damaged and being able to repair. Therefore models are used to estimate the macro effects of
radiation damage.[23]

Figure 2.7: (a) Direct and indirect radiation damage to the DNA. (b) Types of radiation damage to the DNA.[22]

The most commonly used model for radiation effects on tissue is the linear-quadratic model.[24]
The model was deduced from principles of DNA base pair damage and their repair. The model starts
with calculating the surviving fraction of cells,

𝑆𝐹𝑑 = 𝑒−(𝛼𝑑+𝛽𝑑
2). (2.2)
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Here d is the dose and 𝛼/𝛽 determines the sensitivity of tissue for fractionation. Biological effective
dose (BED) is then found using

𝑆𝐹𝑑 = 𝑒−𝛼𝐵𝐸𝐷 , (2.3)

which results in
𝐵𝐸𝐷 = 𝑘𝑑 ∗ (1 + 𝑑

𝛼/𝛽 ). (2.4)

k is the number of fractions such that the total dose 𝐷 = 𝑘𝑑. 𝛼/𝛽 values for normal tissue are
generally smaller than those for human tumors.[25] Therefore the BED of OARs can be reduced, while
keeping the BED for the tumor constant, by increasing the number of fractions k.

The tumor control probability (TCP) is a metric used to define the probability of cure for a patient. To
calculate this metric, it is assumed that a patient is cured when there is no detectable or symptomatic
tumor left.[26] Using the surviving fraction which was previously mentioned, the TCP can be calculated
as follows

𝑇𝐶𝑃 = 𝑒−𝑁0𝑒−𝑘(𝛼𝑑+𝛽𝑑
2) . (2.5)

𝑁0 is the initial number of malignant cells. In equation 2.5 it is assumed that the number of surviving
cells follows a Poisson distribution.[26]

To model the damage to healthy tissue the normal tissue complication probability (NTCP) is used. It
gives the probability of a complication to the healthy tissue due to the treatment. The Lyman–Kutcher–
Burman (LKB) model is the most well-known NTCPmodel [27, 28]. In the LKBmodel, the normal tissue
complication probability is calculated as follows:

𝑁𝑇𝐶𝑃 = 1
√2𝜋

∫
𝑡

−∞
𝑒−

𝑥2
2 𝑑𝑥 (2.6)

where
𝑡 = 𝑔𝐸𝑈𝐷 − 𝑇𝐷50

𝑚 ⋅ 𝑇𝐷50
(2.7)

and
𝑔𝐸𝑈𝐷 = (∑

𝑗
𝑣𝑗𝐷1/𝑛𝑗 )𝑛 . (2.8)

The gEUD is the generalized equivalent uniform dose. 𝑇𝐷50, m and n are organ specific parameters
and 𝑣𝑗 is the fraction of an organ that gets dose 𝐷𝑗. 𝑇𝐷50 is the tolerance dose for 50 % complication,
m is a fit parameter for the steepness of the NTCP curve and n is the volume effect of an organ.

In Figure 2.8, the tumor control probability and the normal tissue complication probability are shown.
It is desirable to have a very high TCP, while having a low NTCP. The range where the tumor control
probability is much higher than the normal tissue complication probability is called the therapeutic win-
dow.

Figure 2.8: The range where the tumor control probability is significantly higher than the normal tissue complication probability
is called the therapeutic window. [29]
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2.5. VHEE beam generation
Currently electron beams are mainly used for treating skin and superficial tumors. The beam energy
used for this type of treatment is between 5 and 20 MeV. Those electron beams are mostly created by
linear accelerators.[30] To create very high energy electron beams (>50 MeV) in a clinical setting high
gradient accelerators (>100 MeV/m) are needed. Multiple research projects are already performed to
acquire such a gradient using linear accelerators.[31, 32, 33]

A promising new method is the use laser wake-field acceleration (LWFA). In this method VHEE
beams are created through the interaction of a high power laser pulse with a gaseous target. The laser
pulse ionizes the gas and it creates a plasma in which a strong electrostatic gradient (100 GV/m) is
being formed. Using this principle a LWFA can accelerate electrons up to the energy required for VHEE
in an accelerating region of a few millimeters.[34]

It is very important to take into account the pencil beam parameters, in order to be able to use the
VHEE beams in radiotherapy. Not only the energy of the pencil beams, but also the energy spread, the
spot size and the divergence of the beams are important. The aim is to use a narrow pencil beam with
a low energy spread, such that the treatment plans could be as best as possible. The following values
have been found for these parameters. Energy spread = 0.5%, spot size = 2.3 mm x 2.2 mm (FWHM)
and divergence = 0.3 mrad.[35, 36, 37, 38]

2.6. Dose distribution VHEE beams
In this section the dose distribution of electron beams will be investigated. Especially the energy de-
pendency of electron beams dose distribution will be depicted.

2.6.1. Depth dose distribution
To show the depth dose distribution the percentage depth dose (PDD) is used. In Figure 2.9 the on-axis
PDD and the integrated PDD are shown for 2.5 MeV photons and for 15 and 150 MeV electrons. The
integrated PDD is the total dose deposited on a certain depth, while the on-axis PDD is the dose on the
central axis of the beam. The difference between the integrated and the on-axis PDD is due to particles
scattering away from the central axis. This difference is larger for electrons because they have a higher
scatter probability.

(a) (b)

Figure 2.9: Integrated and on-axis depth dose distribution of 2.5 MeV photons (a) and of 15 and 150 MeV electrons (b) in
water.[39]

The depth range of the electron beam is higher for higher energy electrons as can be seen in 2.9(a)
for 15 and 150 MeV electron beams. For higher energy electron beams this remains the case which is
depicted in Figure 2.10.
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Figure 2.10: Integrated depth dose for VHEE beams 100-900 MeV.[40]

2.6.2. Lateral dose distribution
The lateral distribution of beams is depicted as being Gaussian.[41] The beam spread can be described
by the standard deviation sigma. Figure 2.11 shows the beam spread of different energy electron beams
propagating through water. The higher the energy of the beam, the narrower the beam will stay while
propagating.

Figure 2.11: Beam spread σ versus depth in water for 10 - 250 MeV (entrance σ = 5 mm for all energies) electron beams.[39]

2.7. Monte Carlo simulation
To calculate the dose distribution in patients the Monte Carlo method is used in this work. The Monte
Carlo method uses random sampling to solve mathematical problems. It is a computationally intensive
method, but it is seen as the gold standard for dose calculations.[42] Monte Carlo particle transport
simulations use cross sections, which give the probability of a certain interaction. Frequently, cross
sections are given in barn (b) which is 10−28𝑚2.

A Monte Carlo simulation of dose distribution is performed using the following 4 main steps [43]:

1. Random selection of the distance to the next interaction, using the total cross section for the given
particle and material properties.

2. Transport the particle to the interaction location taking into account geometry constraints.
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3. Selection of the interaction types by random sampling using the partial cross sections.

4. Simulate the selected interaction and production of secondaries, with the resulting particle prop-
erties sampled from the corresponding distributions

These four steps are iterated until the primary electron and all the secondaries are either absorbed
or escaped from the simulation geometry. A particle is considered absorbed when its energy becomes
below a certain threshold. This iterative process is repeated many times to lower the statistical uncer-
tainty of the acquired quantities.

In this report, TOPAS is used [44]. It is a Monte Carlo tool for medical physicist layered on top of the
Geant4 code [45]. TOPAS is designed with the goal to make an easy-to-use Monte Carlo simulation
tool, such that the users are not required to have an extensive knowledge of the underlying Monte Carlo
code. Users only have to generate parameter files that describes the desired simulation. Parameters to
specify are: geometry, particle sources, electric or magnetic fields, motion, desired output and physics
settings.

2.8. Treatment plan optimization
The quality of a treatment plan depends on the number of beams and their directions. In this report the
number of beams and their directions are chosen upfront and the different pencil beams are calculated
accordingly. The goal of the optimization is to determine the optimal intensity for each pencil beam in
such a way that the dose is minimized in the OARs, while achieving the prescribed dose in the PTV. The
dose effect of each pencil beam on the voxels in the patient is calculated prior to the optimization. Then
a multi-criteria optimization method is used. Two types of multi-criteria optimizations are in common
use in radiotherapy: a posteriori and a priori multi-criteria optimization. In a posteriori multi-criteria
optimization, a set of treatment plans is generated, each with a different trade-off between the criteria.
This set is then presented to the user (treatment planner), who can interactively explore the trade-offs
and select a suitable plan. Disadvantages of the a priori approach are the long computation time,
that scales badly with increasing number of criteria, and the difficulty of a human planner to effectively
explore a large set of criteria. An alternative approach is developed in Erasmus-iCycle, which uses an
a priori multi-criteria approach.[46] The desired trade-offs are automatically defined and results, after
a series of optimizations, in a single treatment plan. The configuration is given in a so-called wish-list,
comprising treatment constraints, planning goals and their priorities in achieving them. The advantage
is that treatment planning can be fully automated and is consistent. Therefore, Erasmus-iCycle is ideal
for treatment planning studies, comparing different treatment options for a group of patient cases.



3
Preliminary Analysis

In chapter 2, suitable pencil beam parameters were found. This chapter describes the analysis of
several treatment parameters to combine these known pencil beams into a broad beamwith acceptable
signal-to-noise ratio. First, the distance between the pencil beams will be discussed. Thereafter, the
number of histories per pencil beam for the Monte Carlo simulation is determined. In the last section
of this chapter, the effect of fiducial markers inside the tumor on the dose distribution is defined.

3.1. Distance between pencil beams
One of the requirements of a good treatment plan is a uniform dose to the tumor volume. In this section
the pencil beam spacing needed to achieve this is determined. As mentioned before, the pencil beams
will be actively scanned onto a grid in the tumor. Figure 3.1 shows a representation of this grid and the
active beam spots with a 2 mm distance between pencil beams.

Figure 3.1: Representation of pencil beam scanning grid with 2 mm distance between beam spots. [47]

The 1D cross section of the dose distribution at multiple depths of a 20x20 mm grid of pencil beams
in water has been studied for different pencil beam spacings. The pencil beam spacings studied are 1-4
mm for 400MeV electron pencil beams. The spacing is the same in the x and y direction. Figure 3.2 and
3.3 show the center line dose for 1-4 mm pencil beam distances at multiple depths (with 105 particles
per pencil beam) for respectively 100 and 400 MeV electron pencil beams. The smaller the spacing,
the more uniform the beam becomes but also the more time it takes to compute, because more pencil
beams are needed to cover the PTV. To compare the different pencil beam spacings, the difference
between the dose on the grid points and the dose exactly in between the grid points is calculated.

11
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Figure 3.2: 1D center line dose of a 20x20 mm grid of 100 MeV pencil beams in water for multiple spacing at multiple depths.

Figure 3.3: 1D center line dose of a 20x20 mm grid of 400 MeV pencil beams in water for multiple spacing at multiple depths.

In Table 3.1 the percentage difference between the dose on the grid points and the dose in between
the grid points for the different pencil beam distances is given. The percentages are higher for the 400
MeV energy pencil beams, because higher energy pencil beams have smaller penumbras for a longer
distance. Due to scattering, the dose distribution becomes more uniform with higher depths. However
the range where it is uniform becomes smaller.

100 MeV Depth 400 MeV Depth
Spacing 0 mm 20 mm 50 mm 0 mm 20 mm 50 mm
4 mm 24.07% 5.76% 0.71% 62.94% 54.68% 22.49%
3 mm 3.63% 0.76% 0.34% 27.50% 20.91% 3.67%
2 mm 0.69% 0.53% 0.19% 1.09% 0.75% 0.11%
1 mm 0.28% 0.04% 0.005% 0.18% 0.09% 0.12%

Table 3.1: Percentage difference between the dose on the grid points and the dose in between the grid points.
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Because in this work deep-seated tumors are treated, the uniformity of the entrance dose is not very
important. Therefore the choice is made to use 3 mm spacing between pencil beams. This spacing
leads to enough uniformity in the deep-seated tumors, while cutting the computation time by more than
half in comparison with a 2 mm spacing.

3.2. Number of histories per pencil beam
An important parameter for Monte Carlo simulations is the number of simulated histories. In general, the
larger the number of histories, the more accurate the simulation result becomes, but the more time the
computation takes. Theoretically the error reduces with 1/√𝑁, where N is the number of histories.[48]
This means that by doubling the number of histories, the noise reduces by a factor √2. The goal in this
section is to find the number of histories per pencil beam which results in the optimal trade-off between
accuracy and computation time.

The in TOPAS generated pencil beams have the shape of a Gaussian distribution. For beams
with large particle densities the scattering behaviour is also Gaussian.[49] Therefore the lateral dose
distributions of pencil beamswith a different number of histories are compared with a Gaussian function.
In Figure 3.4 the lateral dose distribution with the fitted Gaussians are shown for different depths.

Tomake a choice between the different number of histories for the Monte Carlo simulation, the mean
percentage difference between the lateral dose distribution and the Gaussian fit has been calculated.
In Table 3.2 the calculated values are stated. Based on these values the choice is made to use 50000
histories per pencil beam for the Monte Carlo simulations.

Depth
Number of histories 1.5 cm 6.0 cm 15.0 cm
1000 25.47% 17.88% 61.07%
10000 7.02% 10.50% 21.43%
50000 2.79% 4.64% 11.79%
100000 2.76% 4.36% 9.01%

Table 3.2: Percentage difference between the lateral dose distribution and the Gaussian fit for different number of particles at
different depths inside water.
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(a)

(b)

(c)

Figure 3.4: Lateral cross section of a pencil beam at (a) 1.5 cm, (b) 6 cm and (c) 15 cm depth in water. The blue line is the
calculated dose and the orange line is a Gaussian fitted on the dose distribution. Made with TOPASMC using 200 MeV electrons.
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3.3. Metal fiducial markers
In radiotherapy, patients are treated over a longer period, daily delivering a fraction of the full treatment.
This fractionation is used to increase the therapeutic window, as healthy tissue recovers faster from
radiation than malignant tissue. Hereby, sufficient dose to the tumor can be delivered while strongly
limiting biological damage to healthy tissues.[50] The exact location of the tumor may be different at
the start of each treatment fraction due to prostate motion and patient setup errors. Therefore, image-
guided radiotherapy is used for accurate alignment. Frequently, when treating prostate cancer with
image-guided radiotherapy, fiducial markers are implanted in the prostate to verify its location.[51] The
currently used fiducial markers are mostly made out of metal, because these are well visible on CT
scans. They are well visible because the markers have an Hounsfield unit (HU) value up to 3000,
while the prostate tissue has a HU value between -100 and 100. Based on the location of the fiducial
markers the precise location and orientation of the tumor can be found. Figure 3.5(a) shows a CT slice
with two fiducial markers. These metal fiducial markers have a high density and a very high attenuation
coefficient in comparison to the prostate tissue.[52] Due to the high attenuation coefficient, the use of
markers can result in an undertreated region behind the fiducial markers. Figure 3.5(b) shows the
isodose lines of a VHEE beam through the prostate. Behind the markers an undertreated region is
created.

(a) (b)

Figure 3.5: (a) Two metal fiducial markers inside the prostate. (b) 200 MeV electron beam through the prostate, isodose lines
are shown. The high attenuation in the metal markers result in a undertreated region behind the markers

The same effect is found when shooting an electron pencil beam through a box of water. Figure 3.6
shows the dose distribution of a 200 MeV electron beam through water with a marker placed at 15 cm
depth.

Figure 3.6: 200 MeV electron beam through a water box with a metal fiducial marker placed at 15 cm.
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The high attenuation coefficient of the metal marker also causes artefacts on the CT scan. These
artefacts are noticable on the CT scan by having a lower density than the tissue around them. Actually,
it is the same tissue as around it, but the artefacts are a result of beam hardening. Beam hardening
occurs when a beam passes through a very dense material. All the low energy particles are stopped
resulting in a beam with an increased mean energy.[53] Another effect of the metal markers is that
the beam becomes wider due to an increase in the amount of scattering.[52] Next to that the dose
distribution becomes more inhomogeneous due to the metal markers. Not only the metal markers
affect the dose distribution of treatment plans, but also the metal artefacts caused by the markers.[54]
Regarding clinical practice, also plastic markers with a much lower density could be used. Therefore, in
this work themetal markers and their artefacts have been removed from the CT scans before calculating
the treatment plan.

To remove the markers and their artefacts the voxels which contain them needs to be selected first.
This is done by selecting all the voxels with a HU value that differs from normal prostate tissue. For
the markers each voxel with a HU value over 100 is selected and for the artefacts each voxel with a
HU value below -30. For each selected voxel the HU value is replaced by the median HU value of the
surrounding prostate tissue. The resulting CT slice of this removal is shown in Figure 3.7

(a) (b)

Figure 3.7: (a) Two metal fiducial markers and artefacts inside the prostate. (b) The prostate with the markers and artefacts
removed.

The effect of the marker removal on the dose distribution is shown in Figure 3.8. It shows the
same slice of the optimized dose. For Figure 3.8(a) the treatment plan is optimized with the markers
and artefacts still on the CT. For Figure 3.8(b) the treatment plan is optimized after the removal of the
markers and the artefacts. The removal of the markers and the artefacts results in a more uniform dose
in the PTV and around it.

(a) (b)

Figure 3.8: (a) A slice of the dose distribution of the optimized treatment plan for the patient with markers included. (b) A slice of
the dose of the optimized treatment plan for the patient with the marker removed.
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Methods

This chapter describes the methods to generate and evaluate VHEE treatment plans. First the ini-
tialization is described. Thereafter, the Monte Carlo simulations and the optimization of the treatment
plans is explained. Finally the method to evaluate the treatment plans will be described.

4.1. VHEE initialization
Treatment plans were generated for 6 patients with prostate cancer and 3 patients with lung cancer. For
each patient the planning target volume (PTV) and the organs at risk (OAR) where delineated on the
CT scan. Also the isocentre of the PTV was determined for each patient based on the CT scans. The
isocentre is defined as the point around which the gantry head rotates. For the patients with prostate
cancer the fiducial markers and the metal artefacts were removed from the CT scans using the method
explained in last chapter. Then all patient data is imported into MATLAB.

Thereafter, the user selects beam angles and beam energy. In this work all the beams are equally
distributed over a plane and the only difference is the number of beams used and the energy of these
used beams. In this report 9, 18 or 36 beams are used with an energy of 100, 200, 300 or 400 MeV.
Figure 4.1 shows an example beam configuration for the treatment of a patient. When the gantry head
angles of the beams are known, the scanning angles of the pencil beams are calculated. This is done by
overlaying a scanning grid over the PTV. This scanning grid is a Cartesian grid with the prior examined
3 mm spacing between grid points. The x and y scanning angles of each pencil beam are calculated
using the distance of each grid point to the isocentre and the source-axis distance (SAD). The SAD
is a treatment machine design parameter, but there is no treatment machine for VHEE radiotherapy
yet. However, the SAD does only have a small effect on VHEE dose distributions.[55] In this work the
SAD is set to 50 cm. After calculation of the scanning angles of the pencil beams they are saved to a
MATLAB file together with the gantry head angle of the different beams.

Figure 4.1: Beam set-up options. The isocentre is fixed for each patient, so only the gantry head angle and the energy differs
between beams.

17
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4.2. Dose calculations using TOPAS
For the dose calculation, TOPAS is used.[44] For the simulations the default physics list is used. The
physics list determines which physical processes are taken into account. TOPAS needs all the materi-
als of the patients tissue, however only the Hounsfield unit (HU) values are known from the CT scan.
Therefore there needs to be a conversion. The conversion method used was first described by Schnei-
der et al. (2000).[56] He describes the conversion from HU values to tissue parameters. TOPAS uses
a conversion file given by the user that contains the element densities for different HU values. In this
work, a Python script is used that generates the input files based on the saved MATLAB data about the
patient and the beams.

The output of a TOPAS simulation is one 3D dose Dicom file per pencil beam. Because the pencil
beams are narrow, a lot of voxels in each Dicom file have a zero dose value. Therefore all the dose data
will be saved as sparse matrices. First, all the pencil beam dose files are converted to sparse vectors,
by removing all the zero valued voxels and reshape it. Then for each beam, all these pencil beam
dose vectors are indexed and combined into a 2D matrix and saved. For the prostate case, the sparse
matrices are approximately 1-3 GB of data for each beam, while for the lung case the sparse matrices
are around 3-9 GB of data for each beam. This difference is caused by the difference in number of
pencil beams per beam for the lung case (around 1200) and for the prostate case (around 500). By
sparsifying the dose data, it is compressed with a factor 10.

4.3. iCycle treatment plan optimization
For treatment plan optimization iCycle is used.[46] The optimization algorithm needs the dose distribu-
tion data for all used pencil beams. The result of the optimization is a list of intensities for the pencil
beams. iCycle uses user created wishlists to calculate the intensities that result in the best possible
treatment plan. The wishlist for the optimization of a prostate cancer treatment plan in this thesis is
shown in Figure 4.2.

Figure 4.2: A wishlist for the optimization of a prostate cancer treatment plan. A is the prescribed dose parameter.

The wishlist contains objectives and constraints for the different structures of the patient. The struc-
ture list includes not only the OARs and the PTV (tumor volume to be irradiated), but also shells around
the PTV and the whole patient. The objectives in the wishlist can have a different priority and the
priority determines the order at which each objective is optimized. The objectives were optimized by
minimizing the maximum dose, the mean dose, the logarithmic tumor control probability (LTCP) or the
equivalent uniform dose (EUD) of the selected structure. The optimization consists of two runs. In the
first run, if the goal of an objective is reached, the parameter is set to that goal to leave some space for
the other objectives to optimize. In the second run, all the objectives that reached the goal in the first
run are optimized again to acquire the best possible treatment plan.
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4.4. Treatment plan evaluation
Treatment plan evaluation is important to compare different VHEE treatment plans with each other
and to compare VHEE treatment plans with the clinically used VMAT treatment plans. All treatment
plans will be normalized to a 99% PTV coverage of 95% of the prescribed dose. The first part of the
evaluation is done by looking at the dose volume histograms (DVH). A DVH is a graph that shows the
percentage of volume of the patient or a specific organ that receives a certain dose. The second part
of the evaluation is done by calculating different dose metrics, and calculate if there are statistically
significant differences between the treatment plans. This part is only done for the prostate cancer
patients. The lung cancer patient group consisted of 3 patients, which was not large enough to properly
perform a statistical analysis. The dose metrics evaluated for the prostate cases are shown in Table
4.1.

PTV Patient Rectum Anus Bladder Left femoral head Right femoral head
𝑉95% 𝐷𝑚𝑒𝑎𝑛 𝐷𝑚𝑒𝑎𝑛 𝐷𝑚𝑒𝑎𝑛 𝐷𝑚𝑒𝑎𝑛 𝐷0.001𝑐𝑐 𝐷0.001𝑐𝑐
𝐷98% 𝑉30𝐺𝑦 𝑉58𝐺𝑦
𝐷2% 𝑉15𝐺𝑦 𝑉50%
𝐷𝑚𝑒𝑎𝑛 𝑉3𝐺𝑦
𝐻𝐼
𝐶𝐼95%
𝐶𝐼𝑟𝑖𝑒𝑡

Table 4.1: The dose metrics of the different organs, the PTV and the patient to evaluate the treatment plans.

Here 𝑉𝑥% is the relative volume of the structure that receives at least x% of the prescribed dose.
𝐷0.001𝑐𝑐 gives the maximum dose that is received by at least 0.001 cc of the volume. The dose that is
delivered to x% of the volume is given by 𝐷𝑥%. Other dose metrics calculated to evaluate the treatment
plans are the homogeneity index and the conformity indices. The homogeneity index is calculated with
the following formula:

𝐻𝐼 = 𝐷2% − 𝐷98%
𝐷50%

(4.1)

The conformity index 𝐶𝐼𝑥% is the ratio between the volume covered by x% of the reference dose
and the volume of the PTV:

𝐶𝐼𝑥% =
𝑉𝑥%
𝑉𝑃𝑇𝑉

(4.2)

𝐶𝐼𝑟𝑖𝑒𝑡, another conformity measure, is calculated using the following formula,

𝐶𝐼𝑟𝑖𝑒𝑡 =
𝑇𝑉𝑅𝐼
𝑇𝑉 ⋅ 𝑇𝑉𝑅𝐼𝑉𝑅𝐼

(4.3)

where 𝑇𝑉𝑅𝐼 is the target volume covered by the reference isodose, TV is the target volume and
𝑉𝑅𝐼 is the volume of the reference isodose. To compare the treatment plans, T-tests were performed
to determine the significance of the difference in dose metric values. Differences were considered
statistically significant when the calculated p-value was below 0.05.[57]





5
Results

This chapter reports on the effect of the number of beams and energy of the beams on the VHEE treat-
ment plans. Furthermore, the VHEE treatment plans will be compared with VMAT treatment plans.
Finally, the computational performance of the Monte Carlo simulations and the treatment plan opti-
mization will be discussed.

5.1. Prostate cancer patients
5.1.1. Comparing different number of electron beams
In this section the VMAT treatment plans are compared with the VHEE treatment plans for the different
number of beams. This is done by showing a slice of the dose distribution in the patient, the population-
averaged DVHs for different organs and the PTV and by showing the important dose metrics and
calculating if the differences of these metrics are statistically significant.

Figure 5.1 shows a slice of the dose distribution of the VMAT plan and the 300 MeV VHEE plans for
different number of beams. The prescribed dose for the prostate cancer patients is 60 Gy. The VMAT
plan distributes the dose over a large volume and has a relatively smooth dose profile. The dose profile
of the VHEE treatment plans have sharp dose lines as a result of the narrow pencil beams.

Figure 5.1: Axial slice of the dose distribution for VMAT and VHEE plans with 9,18 and 36 beams with an energy of 300 MeV.
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In Figure 5.2, the population averaged DVHs of the PTV, anus, rectum and bladder are shown for
VMAT and 100 MeV VHEE treatment plans. For the PTV, the VHEE plans have a sharper DVH than
the VMAT plans, but the number of beams does not seem to have an effect. The DVHs of the OARs
all look similar. The VMAT treatment plans show lower mean dose in the OAR, but the max dose is
higher in comparison with the VHEE plans. For the VHEE treatment plans, the higher the number of
beams the lower the mean dose. However, the 36 beam plan still has a higher mean dose than the
VMAT plan.

Figure 5.2: Population DVHs of the VMAT treatment plan and the 9, 18, and 36 beams 100 MeV VHEE treatment plans

In Figure 5.3, the population averaged DVHs of the PTV, anus, rectum and bladder are shown for
VMAT and 200 MeV VHEE treatment plans. Similar as for the 100 MEV VHEE treatment plans, the
DVH of the PTV is sharper for the 200 MeV VHEE plans than for the VMAT plans. For the lower dose
levels the volume is higher for the VHEE treatment plans than for the VMAT plans. However, for the
anus and the rectum, the VMAT plan still delivers less dose to a large volume, but delivers a higher
maximum dose to the organs. For the bladder, the 18 beam VHEE plan has a similar graph as the
VMAT plan, while the 36 beam VHEE plan delivers less dose to the bladder than the VMAT plan.

In Figure 5.4, the population averaged DVHs of the PTV, anus, rectum and bladder are shown for
VMAT and 300 MeV VHEE treatment plans. Only for the anus the VMAT plans seems preferable over
the VHEE plans. The 9 beam VHEE plan results in more dose to the rectum than the VMAT plan, but
the 18 and 36 beam VHEE plans reduce the dose to the rectum in comparison with the VMAT plans.
For the bladder, all the different VHEE plans result in a decrease in received dose in comparison with
the VMAT plans.
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Figure 5.3: Population DVHs of the VMAT treatment plan and the 9, 18, and 36 beams 200 MeV VHEE treatment plans

Figure 5.4: Population DVHs of the VMAT treatment plan and the 9, 18, and 36 beams 300 MeV VHEE treatment plans
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Figure 5.5 shows the population averaged DVHs of the PTV, anus, rectum and bladder for VMAT
and 400 MeV VHEE treatment plans. For the different VHEE treatment plans, the DVH of the PTV
differs only slightly from the 36 beam plan. Just like the lower energies, the graph of the PTV is sharper
for the VHEE treatment plans. The VHEE plans result in a larger volume of the anus that only receives
a small dose, however the volume that receives a higher dose (>25 Gy) is larger for the VHEE plans
than for the VMAT plans. For the rectum and the bladder, the 9 beam VHEE plan already reduces the
received dose in comparison with the VMAT plans. The 18 and 36 beam plans reduce the delivered
dose even further.

Figure 5.5: Population DVHs of the VMAT treatment plan and the 9, 18, and 36 beams 400 MeV VHEE treatment plans

In Table 5.1 the most relevant dose metrics are shown for the VMAT treatment plans and for the 300
MeV VHEE plans with 9, 18 and 36 beams. Table 5.2 shows the p-values for the differences. The PTV
𝐷2% is significantly reduced from 65.4 Gy to 63.3 Gy, 63.2 Gy and 63.3 Gy for the 9, 18 and 36 beam
VHEE plans, respectively. For the 9, 18 and 36 beam VHEE plans the 𝐶𝐼𝑟𝑖𝑒𝑡 increases from 0.75 to
0.89, 0.90 and 0.90. The mean dose of the Patient, the rectum, the anus and the bladder are lower for
the VHEE treatment plans than for the VMAT plans. These differences are not statistically significant,
but this reduction in mean dose was seen for every patient. For the 9 beam VHEE plans, the 𝐷0.001𝑐𝑐
is significantly higher than for the VMAT plans.
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VHEE
VMAT 9 Beams 18 Beams 36 Beams

PTV 𝑉95%(%) 98.98 ±0.02 99.00 ±0.01 99.00 ±0.01 99.00 ±0.01
𝐷98%(Gy) 59.24 ±1.03 58.06 ±0.14 58.13 ±0.10 58.23 ±0.15
𝐷2%(Gy) 65.44 ±1.99 63.32 ±0.36 63.19 ±0.34 63.26 ±0.43
𝐷𝑚𝑒𝑎𝑛(Gy) 62.52 ±1.80 61.34 ±0.30 61.35 ±0.26 61.50 ±0.37
𝐻𝐼 0.10 ±0.05 0.09 ±0.001 0.08 ±0.002 0.08 ±0.001
𝐶𝐼95% 0.96 ±0.03 0.93 ±0.04 0.93 ±0.03 0.94 ±0.03
𝐶𝐼𝑟𝑖𝑒𝑡 0.75 ±0.03 0.89 ±0.01 0.90 ±0.01 0.90 ±0.01

Patient 𝐷𝑚𝑒𝑎𝑛(Gy) 4.40 ±0.91 3.51 ±0.70 3.48 ±0.69 3.49 ±0.66
𝑉30𝐺𝑦(%) 2.20 ±0.78 2.59 ±0.79 2.33 ±0.77 2.42 ±0.67
𝑉15𝐺𝑦(%) 9.82 ±3.43 7.55 ±1.72 7.53 ±1.74 7.50 ±1.70
𝑉3𝐺𝑦(%) 24.58 ±3.41 22.71 ±3.53 22.69 ±3.40 22.63 ±3.21

Rectum 𝐷𝑚𝑒𝑎𝑛(Gy) 13.33 ±4.42 12.14 ±4.63 10.76 ±4.40 10.25 ±4.37
𝑉58𝐺𝑦(%) 6.66 ±4.44 5.49 ±3.44 5.51 ±3.47 5.61 ±3.62
𝑉50%(%) 16.54 ±7.71 17.49 ±7.80 15.40 ±7.43 14.71 ±7.20

Anus 𝐷𝑚𝑒𝑎𝑛(Gy) 8.55 ±3.91 7.97 ±5.80 7.11 ±5.32 6.80 ±5.27
Bladder 𝐷𝑚𝑒𝑎𝑛(Gy) 16.28 ±13.44 14.34 ±13.04 13.72 ±12.65 13.39 ±12.70
Left femoral head 𝐷0.001𝑐𝑐(Gy) 27.36 ±5.82 38.64 ±4.13 33.21 ±3.78 31.27 ±5.57
Right femoral head 𝐷0.001𝑐𝑐(Gy) 28.90 ±5.25 37.51 ±4.40 31.81 ±3.69 32.44 ±3.89

Table 5.1: Dose metrics comparing VMAT with the 9,18 and 36 beams VHEE treatment plans with a beam energy of 300 MeV.

VMAT -
9 Beams

VMAT -
18 Beams

VMAT -
36 Beams

PTV 𝑉95% 0.081 0.081 0.081
𝐷98% 0.035 0.043 0.062
𝐷2% 0.047 0.037 0.044
𝐷𝑚𝑒𝑎𝑛 0.186 0.188 0.250
𝐻𝐼 0.667 0.398 0.397
𝐶𝐼95% 0.217 0.153 0.323
𝐶𝐼𝑟𝑖𝑒𝑡 < 0.001 < 0.001 < 0.001

Patient 𝐷𝑚𝑒𝑎𝑛 0.121 0.109 0.108
𝑉30𝐺𝑦 0.455 0.798 0.645
𝑉15𝐺𝑦 0.222 0.220 0.212
𝑉3𝐺𝑦 0.419 0.406 0.379

Rectum 𝐷𝑚𝑒𝑎𝑛 0.689 0.384 0.300
𝑉58𝐺𝑦 0.654 0.660 0.693
𝑉50% 0.851 0.818 0.708

Anus 𝐷𝑚𝑒𝑎𝑛 0.858 0.639 0.567
Bladder 𝐷𝑚𝑒𝑎𝑛 0.823 0.764 0.736
Left femoral head 𝐷0.001𝑐𝑐 0.008 0.096 0.309
Right femoral head 𝐷0.001𝑐𝑐 0.023 0.340 0.260

Table 5.2: p-values of the t-tests between VMAT with the 9,18 and 36 beams VHEE treatment plans with a beam energy of 300
MeV.

5.1.2. Comparing different energies of the electron beams
This section describes the comparison between the VMAT treatment plans and the VHEE treatment
plans for different energy electron beams. This is done by showing a slice of the dose distribution in the
patient, the population DVHs for different organs and the PTV and by stating the important dose metrics
and calculate if the differences of these metrics are statistically significant. The population DVHs of the
100 MeV VHEE treatment plans showed that for each number of beams the dose delivered to the OARs
was a lot higher than for the VMAT treatment plans. Therefore, in this section only the 200, 300 and
400 MeV VHEE plans are being shown in the population DVHs.
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Figure 5.6 shows a slice of the dose distribution of the VHEE plans with 18 beams for different
energy electron beams. The higher the energy of an electron beam the longer the penumbra stays
small. Therefore the dose lines are smaller for the higher energy VHEE treatment plans. Another
difference that was noticed, is that the higher the energy the more centered the high dose is around
the PTV. Especially for the 100 MeV plan the dose is distributed over a larger volume.

Figure 5.6: Axial slice of the dose distribution of VHEE plans with 18 beams with 100, 200, 300 and 400 MeV electron beams.

Figure 5.7 shows the population averaged DVHs of the PTV, anus, rectum and bladder for the VMAT
plans and the 9 beams VHEE treatment plans. The VHEE plan DVHs of the PTV for different beam
energies differ more than for the different number of beams. For the anus, the VMAT plan outperforms
the VHEE plans. For the rectum, the VMAT plans result in less dose to the organ than the 200 MeV
VHEE plans, while the VMAT plans dose to the organ is almost equal than with the 300 and 400 MeV
VHEE plans. The 200 MeV plans deliver more dose to the bladder, while the 300 and 400 MeV plans
result in a reduction of the dose to the bladder in comparison with the VMAT plans.

Figure 5.7: Population DVHs of the VMAT treatment plan and the 200,300 and 400 MeV VHEE treatment plans with 9 beams
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In Figure 5.8 and 5.9, the population averaged DVHs of the PTV, anus, rectum and bladder are
shown for VMAT and 18 and 36 beam VHEE treatment plans, respectively. A difference in comparison
with the DVHs of the 9 beam VHEE plans is that for the 18 and 36 beam plans, next to the 400 MeV
VHEE plan, also the 300 MeV VHEE plan outperforms the VMAT plans for the rectum. For the bladder,
the DVHs of the VMAT plans and the 200 MeV VHEE plans are very similar, but the 300 and 400 MeV
VHEE plans deliver less dose to the organ in comparison with the VMAT plans.

Figure 5.8: Population DVHs of the VMAT treatment plan and the 200,300 and 400 MeV VHEE treatment plans with 18 beams
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Figure 5.9: Population DVHs of the VMAT treatment plan and the 200,300 and 400 MeV VHEE treatment plans with 36 beams

In Table 5.3 the most relevant dose metrics are shown for the VMAT treatment plans and for the 18
beam VHEE plans with 100, 200, 300 and 400 energy electron beams. Table 5.4 shows the p-values
for the differences. The PTV 𝐷2% is significantly reduced from 65.4 Gy to 62.5 Gy, 62.9 Gy and 63.2
Gy for the 100, 200 and 300 MeV VHEE plans, respectively. For the 200, 300 and 400 MeV VHEE
plans the 𝐶𝐼𝑟𝑖𝑒𝑡 increases from 0.75 to 0.87, 0.90 and 0.91. The mean dose of the patient is lower
for all the 18 beam VHEE treatment plans in comparison with the VMAT plans. The mean dose of the
anus and Rectum is lower for the VHEE treatment plan with at least 200 MeV beams. The mean dose
of the bladder is lower for 300 MeV and 400 MeV VHEE treatment plans. These differences are not
statistically significant, but this reduction in mean dose was seen for every patient.
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VHEE
VMAT 100 MeV 200 MeV 300 MeV 400 MeV

PTV 𝑉95%(%) 98.98 ±0.02 99.00 ±0.01 99.00 ±0.01 99.01 ±0.03 99.01 ±0.02
𝐷98%(Gy) 59.24 ±1.03 57.57 ±0.10 57.89 ±0.13 58.15 ±0.16 58.35 ±0.14
𝐷2%(Gy) 65.44 ±1.99 62.51 ±0.10 62.86 ±0.26 63.20 ±0.38 63.62 ±0.28
𝐷𝑚𝑒𝑎𝑛(Gy) 62.52 ±1.80 60.60 ±0.06 61.03 ±0.25 61.37 ±0.30 61.71 ±0.24
𝐻𝐼 0.10 ±0.05 0.08 ±0.001 0.08 ±0.001 0.08 ±0.002 0.09 ±0.001
𝐶𝐼95% 0.96 ±0.03 0.83 ±0.03 0.89 ±0.04 0.93 ±0.03 0.96 ±0.02
𝐶𝐼𝑟𝑖𝑒𝑡 0.75 ±0.03 0.74 ±0.05 0.87 ±0.01 0.90 ±0.01 0.91 ±0.004

Patient 𝐷𝑚𝑒𝑎𝑛(Gy) 4.40 ±0.91 3.96 ±0.70 3.56 ±0.67 3.48 ±0.69 3.41 ±0.70
𝑉30𝐺𝑦(%) 2.20 ±0.78 2.98 ±0.78 2.47 ±0.87 2.33 ±0.77 2.19 ±0.80
𝑉15𝐺𝑦(%) 9.82 ±3.43 9.08 ±1.91 7.70 ±1.62 7.53 ±1.73 7.34 ±1.81
𝑉3𝐺𝑦(%) 24.58 ±3.41 22.52 ±2.91 22.89 ±3.17 22.69 ±3.39 22.32 ±3.12

Rectum 𝐷𝑚𝑒𝑎𝑛(Gy) 13.33 ±4.42 18.89 ±5.40 12.87 ±4.84 10.74 ±4.42 9.90 ±4.05
𝑉58𝐺𝑦(%) 6.66 ±4.44 4.66 ±3.13 5.19 ±3.33 5.46 ±3.50 5.64 ±3.55
𝑉50%(%) 16.54 ±7.71 29.01 ±11.21 18.76 ±8.67 15.40 ±7.49 14.10 ±6.77

Anus 𝐷𝑚𝑒𝑎𝑛(Gy) 8.55 ±3.91 15.13 ±7.99 9.06 ±6.29 7.11 ±5.31 6.23 ±4.85
Bladder 𝐷𝑚𝑒𝑎𝑛(Gy) 16.28 ±13.44 18.70 ±14.50 15.15 ±13.83 13.72 ±12.64 13.12 ±12.37
Left femoral head 𝐷0.001𝑐𝑐(Gy) 27.36 ±5.82 35.90 ±6.55 33.26 ±6.48 32.90 ±4.31 31.56 ±4.19
Right femoral head 𝐷0.001𝑐𝑐(Gy) 28.90 ±5.25 35.04 ±8.66 32.97 ±6.89 31.96 ±3.90 33.32 ±2.28

Table 5.3: Dose metrics comparing VMAT with different energy VHEE treatment plans with 18 beams.

VMAT -
100 MeV

VMAT -
200 MeV

VMAT -
300 MeV

VMAT -
400 MeV

PTV 𝑉95% 0.081 0.081 0.100 0.045
𝐷98% 0.007 0.020 0.048 0.092
𝐷2% 0.011 0.021 0.039 0.077
𝐷𝑚𝑒𝑎𝑛 0.044 0.104 0.197 0.348
𝐻𝐼 0.397 0.397 0.398 0.667
𝐶𝐼95% < 0.001 0.014 0.153 1.000
𝐶𝐼𝑟𝑖𝑒𝑡 0.711 < 0.001 < 0.001 < 0.001

Patient 𝐷𝑚𝑒𝑎𝑛 0.416 0.135 0.109 0.090
𝑉30𝐺𝑦 0.153 0.619 0.798 0.985
𝑉15𝐺𝑦 0.685 0.247 0.219 0.191
𝑉3𝐺𝑦 0.334 0.441 0.405 0.306

Rectum 𝐷𝑚𝑒𝑎𝑛 0.113 0.879 0.381 0.237
𝑉58𝐺𝑦 0.434 0.570 0.648 0.699
𝑉50% 0.075 0.680 0.819 0.609

Anus 𝐷𝑚𝑒𝑎𝑛 0.137 0.881 0.638 0.429
Bladder 𝐷𝑚𝑒𝑎𝑛 0.791 0.899 0.764 0.709
Left femoral head 𝐷0.001𝑐𝑐 0.061 0.168 0.126 0.227
Right femoral head 𝐷0.001𝑐𝑐 0.212 0.324 0.326 0.123

Table 5.4: p-values of the t-tests between VMAT and the four different energy VHEE treatment plans with 18 beams.



30 5. Results

5.2. Lung cancer patients
5.2.1. Comparing different number of electron beams
In this section the VMAT treatment plan is compared with the VHEE treatment plans for the different
number of beams. This is done by showing a slice of the dose distribution in the patient and showing
the DVHs for different organs and the PTV.

Figure 5.10 shows a slice of the dose distribution of the VMAT plan and the 400 MeV VHEE plans
for different number of beams. The prescribed dose for the lung cancer patients is 66 Gy.

Figure 5.10: Axial slice of the dose distribution for VMAT and VHEE plans with 9,18 and 36 beams with an energy of 400 MeV.
Top left is VMAT, top right is 9 beam VHEE, bottom left is 18 beam VHEE and the bottom right is 36 beam VHEE.

In Figure 5.11 the DVHs of the PTV, esophagus, spinal cord and plexus are shown for the VMAT
plan and the 400 MeV VHEE plans with 9, 18 and 36 beams. The graph of the PTV is sharper for the
VMAT plan than for the VHEE plans. For the esophagus the VHEE treatment plans deliver less dose
to the organ than the VMAT plan. Also the higher the number of beams, the lower the delivered dose
to the esophagus. The VHEE plans also deliver less dose to the spinal cord than the VMAT plan, but
the 18 beam VHEE plan results in less dose to the organ than the 36 beam VHEE plan for the spinal
cord. Also for the plexus, the 18 beam VHEE plan results in the lowest dose.
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Figure 5.11: DVHs of the VMAT treatment plan and the 9, 18, and 36 beams 400 MeV VHEE treatment plans. From top to
bottom, the DVHs are for the PTV, esophagus, spinal cord and plexus.
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5.2.2. Comparing different energy of the electron beams
In this section the VMAT treatment plan is compared with the VHEE treatment plans for different beam
energies. This is done by showing a slice of the dose distribution in the patient and showing the DVHs
for different organs and the PTV.

Figure 5.12 shows a slice of the dose distribution of the 18 beam VHEE plans for different beam
energies.

Figure 5.12: Axial slice of the dose distribution for VHEE plans with different energies. Top left is 100 MeV VHEE, top right is
200 MeV VHEE, bottom left is 300 MeV VHEE and the bottom right is 400 MeV VHEE.

In Figure 5.13 the DVHs of the PTV, esophagus, spinal cord and plexus are shown for the VMAT
plan and the 18 beam VHEE plans with 100, 200, 300 and 400 MeV electron beams. The graph of the
PTV is sharper for the VMAT plan than for the VHEE plans. For the esophagus the VHEE treatment
plans deliver less dose to the organ than the VMAT plan. Also the higher the energy of the beam, the
lower the delivered dose to the esophagus. The VHEE plans also deliver less dose to the spinal cord
than the VMAT plan, but for the spinal cord the 200 MeV VHEE plan results in less dose to the organ
than the higher energy VHEE plans. The DVH for the plexus shows that the higher the energy of the
electron beams, the lower the dose to the plexus. Only the 400 MeV VHEE plan results in a reduction
of the dose delivered to the plexus in comparison with the VMAT plan.
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Figure 5.13: DVHs of the VMAT treatment plan and the 100,200,300 and 400 MeV VHEE treatment plans with 18 beams. From
top to bottom, the DVHs are for the PTV, esophagus, spinal cord and plexus.
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5.3. Computational performance
The TOPAS Monte Carlo simulations were performed on the computing cluster of Erasmus MC, called
Uluru. 8 computing threads were used for each Monte Carlo simulation. The mean computing time of
the simulation per beam was 19.2 ±5.6 hours. The computing time strongly depends on the number of
pencil beams and the electron energy of the beams. The treatment plan optimization was also done on
the Uluru cluster using 8 threads. The optimization time strongly depended on the number of beams
that were used to generate the treatment plan. The optimization took on average 1.8 hours, 5.2 hours
and 22.1 hours for the 9 beam, 18 beam and 36 beams treatment plan respectively.
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Discussion

6.1. Effect of the number of beams
For the prostate cancer patients, the VHEE treatment plans delivered a lower dose to the OARs, while
keeping the dose in the PTV constant, when the number of beams was increased. For the lower
energies (100,200 MeV), this difference was larger than for the higher energies (300,400 MeV). By
increasing the number of beams from 9 to 18 for the lung cancer patients, all the organs received less
dose. However, by increasing the number of beams from 18 to 36 the esophagus received less dose,
but the spinal cord and the plexus received more dose. Therefore, to determine if the 36 beam VHEE
plan is beneficial in comparison of the 18 beam VHEE plan, more information is needed about the effect
of these dose differences on the organs.

6.2. Effect of the beam energy
Comparing the different energy VHEE plans showed that higher energies of the electron beams, result
in a reduction of the dose to the organs and an increase of the dose to the PTV. For the prostate cancer
treatment all the dose metrics improved when higher energy beams were used, but the differences in
these dose metrics decreased for higher energies. Therefore, it is expected that even higher energy
electron beams than 400MeV will not greatly improve the treatment plan. For the lung cancer treatment
the dose to the esophagus and the plexus decrease with higher energy, but the dose to the spinal cord
is lowest for the 200 MeV treatment plan. Therefore, more research needs to be done into the dose
metrics to determine which electron beam energy is favorable for lung cancer treatment.

6.3. VHEE vs VMAT
For the prostate cancer patients, all the 100 MeV VHEE plans delivered a higher mean dose to the
OARs than the VMAT plans. Therefore, an electron beam energy of 100 MeV is not sufficient to obtain
clinically improved treatment plans in comparison with VMAT. The PTV coverage is the same for the
VMAT and the VHEE plans. The 𝐶𝐼𝑟𝑖𝑒𝑡 is significantly higher for VHEE plans with 200 MeV (p<0.001),
300 MeV (p<0.001) or 400 MeV (p<0.001) electron beams. The 𝐷2% is significantly decreased for the
100 MeV (p=0.011), 200 MeV (p=0.021) and 300 MeV (p=0.039) VHEE plans. VHEE plans with at
least 18 beams and at least 300 MeV electron beams, result in a reduction of all the OAR dose metrics
for the prostate case, except for the left and right femoral head 𝐷0.001𝑐𝑐. These differences are not
statistically significant, but the differences in dose metrics were observed in every patient. From the
dose metrics can be concluded that VHEE radiotherapy treatment leads to better treatment plans than
clinically used VMAT for the prostate cancer patients.

For the lung cancer patients, the 18 or 36 beamVHEE treatment plans with 400MeV electron beams
result in less delivered dose to all the OARs. The 9 beam VHEE plan with 400 MeV beams reduced
the dose to the esophagus and the spinal cord, but increased the dose to the plexus. From the DVHs
can be seen that VHEE radiotherapy treatment can lead to better treatment plans than clinically used
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VMAT for the lung cancer patients. However, more patients are needed to find a conclusion about the
comparison between treatment plans of VHEE therapy and threatment plans of VMAT.

6.4. Further work
VHEE radiotherapy is a potential replacement for VMAT for treating prostate or lung cancer because
the dose to healthy tissue is reduced, while the dose to the PTV is maintained. It was found that higher
energy electron beams resulted in less dose to the healthy tissue. In this work the highest electron
energy used was 400 MeV. Treatment plans with higher energy electron beams could result in even
better healthy tissue sparing. In this work the selected number of beams were evenly spread. Better
beam angle selection can lead to an improvement of the treatment plans. Before being able to treat
cancer patients with VHEE radiotherapy multiple hurdles have to be overcome. The first hurdle is that
the currently used generators for VHEE beams are not small enough to fit in a standard radiotherapy
treatment bunker. Therefore, more progress must be made in the compact generation of VHEE beams.
Secondly, the generation of the treatment plans takes too long to be used in real clinical situations. To
be able to treat cancer patients with VHEE radiotherapy, a fast method has to be found to approximate
the dose distribution of VHEE beams with enough accuracy for clinical use. Treatment plans could be
further approved by using magnetic focusing or flash radiotherapy. With magnetic focusing the pencil
beam is focused inside the PTV, which leads to a high dose in a small focal spot. Flash radiotherapy
treatment uses ultra-high dose rates to the target to reduce toxicity in healthy tissue.
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