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Abstract
Purpose/objective The aim of the thesis project is to design and build a
sample-holder that is suited for radiobiological experiments on cell and tissue
level in Holland PTC. In order to create accurate dose plans for radiobiological
experiments, dosimetry and range calculations need to be worked out. Finally
the sample-holder is used for the first radiobiological experiment at Holland
PTC.
Material and Methods The sample-holder is constructed as a slab phantom
that allows secure and easy positioning of a 6-well cultivating plate, fully made
out of polystyrene. Water equivalent thickness (WET) measurements are used
to calculate the density of the slabs, which can be used for dose calculations
in treatment planning and Monte Carlo software. Radiochromic EBT3 film is
used to perform dosimetry during experiments, the films are calibrated using an
ionization chamber to be able to perform absolute dosimetry. A 70 MeV single
pencil beam is delivered to the sample-holder with EBT3 films in between the
slabs to compare a reconstructed Bragg peak from the relative doses of the
films with dose calculations performed in RayStation and TOPAS MC. Cell
survival experiments with U20S cells are performed by irradiating with X-rays
and protons. Circumstances where such that the influence of cells being on room
temperature for several hours and cells being without medium inside the wells
during irradiation could be studied. With protons, cells were irradiated both in
the plateau region and in the Bragg peak. LET, calculations are performed in
TOPAS MC in order to study the RBE-LET relation.
Results The slabs of the phantom are uniform and have a density of either 1.04
g/cm® or 1.06 g/cm®. Using these density values the range of a 70 MeV can
be calculated with a 0.5 mm accuracy using TOPAS MC and RayStation. The
relative central axis dose profile calculated with TOPAS was accurate within 5%
compared to the measured values with EBT3 film. This was 20% for calculations
with RayStation. Absolute dose measurements with EBT3 film inside a RW3
phantom agree within 1% with the delivered dose according to the ionization
chamber. In the polystyrene sample-holder this difference is 11%. For X-ray
irradiation, incubated cells were able to form more colonies after irradiation
compared to cells that had been on room temperature for four hours. Cells that
were irradiated without medium in the well had a higher surviving fraction than
cells that had medium in the well. For proton irradiation the results are limited
since all cells that received more than 0.91 Gy had died, but from the available
data it can be seen that irradiation in the Bragg peak results in more cell death
compared to irradiation in the plateau region. In addition to this, cells that
had medium in the wells during irradiation formed less colonies than cells that
had no medium in the wells, which is consistent with the results after X-ray
irradiation. Dose-averaged LET (LET,) values are calculated at cell depth for
proton irradiation in the plateau region and in the Bragg peak and are 1.30
keV/pum and 3.78 keV/um respectively.
Conclusion The sample-holder is well defined for use in RayStation and TOPAS
MC and range calculations of a 70 MeV pencil beam are accurate within 0.5
mm. Absolute dose values obtained with EBT3 film inside the sample-holder are
higher than expected, additional measurements are recommended. Cell survival
experiments show that there is a difference in irradiating cells that are in medium
vs cells that are not in medium and that long exposure to room temperature
increases cell death after irradiation. Radiobiological experiments should be
performed with cells that can be prepared and stored on site. The obtained
LET, values are comparable with values found in literature. Due to the limited
amount of cell survival data after proton irradiation, not link between RBE and
LET can be studied.
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Introduction

Proton beam therapy is a type of external radiation therapy where protons are used
to treat cancer rather than X-ray beams or y-sources. The main advantage of protons
over photons is that the radiation dose can be delivered to the tumor with better con-
formality. This means that with protons, a tumor can be targeted while sparing more
healthy tissue compared to irradiation with photons. Details on this difference in
dose deposition and the underlying physics are treated in Section The potential
of protons (and other charged particles) to be an effective tool in fighting cancer was
already described in 1946 by Robert R. Wilson [I], but has only been introduced as
a treatment method in the Netherlands in 2018. This large gap between discovery
and clinical application can be attributed to three main challenges of proton ther-
apy: (a) The high financial cost of the treatment modality, (b) the range uncertainty
caused by imaging, patient setup, beam delivery and dose calculation [2] and (c) the
understudied biological effect induced by proton radiation [3]. The focus of this thesis
project will be the understudied biological effect of protons.

Worldwide the access to proton therapy centers for biological in vitro experiments
is limited. This is, among others, due to the fact that most centers are treatment
facilities and need a financial return for the expensive treatment modality [4]. Despite
being a treatment facility in the first place, Holland PTC in Delft is built with the
strong requirement to perform research to prove the benefit of proton therapy [5]. The
aim of this thesis project is to design and build a sample-holder and contribute to
the first radiobiological experiments at Holland PTC. Thanks to its consortium that
consists of two University Medical Centers (Erasmus MC & Leiden UMC) and the
Technical University of Delft, Holland PTC has the means to perform this research
and contribute to the necessary experiments for a better understanding of proton
radiobiology.

A brief introduction on the energy loss of protons, proton radiobiology, Monte Carlo
simulations and dosimetry is given in Chapter 1. Because radiobiological experiments
have never before been conducted in Holland PTC, extra care is needed in setting up
these experiments. A literature study is conducted on how to conduct radiobiological
experiments in proton therapy and how to design the experiments in such a way that
the results will be relevant to the clinical situation. This literature study is included
as Chapter 2 in this thesis. Questions that are addressed in this literature study are:

1. How do other centers conduct radiobiological experiments on cellular level?
2. How can results from fundamental experiments be translated to the clinic?

In Chapter 3 and Chapter 4 is elaborated on the materials & methods and results
respectively. This includes the considerations and choices that were made for the
sample-holder design, the dosimetric validation and modelling of the sample-holder,
the models and physics used for Monte Carlo LET calculations and finally the exper-
imental plan for the radiobiolical experiments at Holland PTC.






1 Proton energy loss, radiobiology and dosimetry

The physical behaviour of protons in the human body, and therefore the biological
effect it induces, is different compared to photons. Both physically and biologically,
the behaviour of protons is different compared to photons. The aim of this chapter
is to provide the reader with the necessary background knowledge of the physical
behaviour of protons and its biological effect.

1.1 Energy loss of protons

Because of a proton’s mass and charge it loses energy through different interactions
with the traversing medium than photons, which result in different depth dose distri-
butions. The depth dose deposition of 15 MV X-rays and a 200 MeV proton pristine-
and spread-out Bragg peak are visualized in Figure[2] Contrary to X-rays, the energy
deposition of particles increases with depth. This phenomenon was first described for
alpha particles by Bragg in 1903[6], which is why the peak at the end of the proton
range is called the 'Bragg peak’. This different depth dose distribution allows for
more conformal dose delivery to a region of interest, which was the initial argument
for using particle beams for medical treatment by Robert R. Wilson in 1946[I]. Look-
ing at Figure [18] it is evident that the dose deposition of protons allows for better
sparing of healthy tissue in front and behind the tumor than X-rays.
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160 Protons (spread-out peak)
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Figure 2: Depth dose distributions of photons and protons][7].

The absorbed dose of ionizing radiation to matter is the deposited energy per unit
mass, as shown in Formula

DZE) (1)

where D is the dose in Gray (Gy), E is the energy in Joule and m is the mass in
kilograms. The energy loss of a charged particle for therapeutically relevant energies



can be described by the Bethe-Bloch formula[8HI0]:
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where %= is the energy loss per unit distance traveled, Z; is the effective atomic
number of the target, N the electron density of the target, m. and e are the mass and
charge of the electron, v is the projectile velocity, 8 = £ and [ is the mean excitation
potential. The effective atomic number of the projectile Zfy changes at low velocities
(order of the Bohr velocity), when the protons start binding with electrons from the
target, reducing its charge and thus also reducing the stopping power. Z.¢¢ can be
approximated by the Barkas formula[IT]:

(2)

2
Zepp = Z(1—e 129077 (3)

The energy loss per unit length calculated in Formula is called the stopping power:

dE
s(m) =~ (1)
Both the electronic and nuclear stopping power are shown in Figure 3] as a function of
proton kinetic energy. Electronic stopping refers to the slowing down of a projectile
ion due to the inelastic collisions with bound electrons in the medium. Nuclear stop-
ping, which contributes very little to the total stopping, refers to the elastic collisions
between the projectile ion and nuclei in the sample[12].

o B —— total energy loss
NE . Lindhard- —— electronic energy loss
G 10%Escharff = _—_ & ... nuclear energy loss
> =
g N Anderson-
= Ziegler Bethe-Bloch
= 102 =
g E
) I
a C
o
£ 0=
o = T
Q -
e B
10° 10 10" 1 10 10° 10° 10*

Kinetic energy [MeV]

Figure 3: Stopping power (dE/dx) for protons in water as function of kinetic en-
ergy. The total, electronic, and nuclear stopping power are shown, as well as the
characteristic regions. Figure from Kraan (2015)[12], made using NIST data[I3].

1.1.1 Linear energy transfer

The stopping power is used to calculate an important parameter in proton radiobio-
logy: the Linear energy transfer (LET), in keV/um. The (restricted) LET; is defined
as the energy lost by a particle in a material, due to secondary electrons with an



energy less than 4, over a certain distance[l4]. If § tends towards infinity, the LET
becomes unrestricted and is identical to the linear electronic stopping power. It can
be seen in Figure [3] that as the kinetic energy of the proton decreases, the stopping
power and thus LET increases (for protons with energies higher than 0.1 MeV). This
inverse proportionality causes the LET to strongly increase just before the end of the
particle trajectory, as shown in Figure 4 LET; is well defined for ions with a fixed
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Figure 4: Depth dose curve and dose-averaged LET for a 200 MeV proton beam in
water, from Frese et al (2011)[I5].

energy, however in proton therapy we generally deal with a radiation field of mixed
particles over a wide range of energies. In mixed radiation fields the contributions of
the different energies to the LET have to be averaged[16]. Two averaged LET meas-
ures are generally applied: the track-averaged LET and dose-averaged LET referred
to as LET; and LET;. When using the LET as a biological predictor, both dose
and LET have to be considered. The LET, is chosen as a biological predictor, as
the LET takes into account both dose and LET where the LET; does not take into
account dose[I7]. The LET, per particle type is defined[I8] as

_ Iy S4(E)®(E, 2)dE
X Su(BE)e(B, 2)dE’

LET(2) (5)

where S, (E) is the electronic stopping power of primary charged particles with kinetic
energy E, D(E, z) is the absorbed dose contributed by primary charged particles with
kinetic energy E at position z and ®(F, z) is the fluence of primary charged particles
with kinetic energy E at position z. The LET; per particle type is defined[18] as

[ Sa(E)®(E, 2)dE
T T e(E.2)dE

LET(2) (6)

1.2 Proton radiobiology

Although the differences in biological response to proton and photon radiation have
been studied in the past few years (see Chapter 2), the radiobiological aspects of



proton therapy need better understanding in order to fully utilize its potential. It is
assumed that increased knowledge on the cell and tissue response to proton radiation
can improve clinical results of proton beam therapy[I9]. This section discusses DNA
damage and repair as well as a cell survival model and a method quantify the biological
effect of protons.

1.2.1 DNA damage and cell kill

Three main factors determine the biological effect of ionizing radiation inside the
body: ionizations that are close enough to the DNA to directly damage it, free rad-
ical scavenging processes and cellular repair processes. When free-radicals created by
the ionization of surrounding molecules damage the DNA, this is considered indir-
ect damage[20]. Radiation can induce various types of DNA damage of which the
most common ones are base damages, single-strand breaks (SSB) and double-strand
breaks (DSB). As DSB are harder to repair than SSB, DSB are considered the most
prominent cause biological effects due to ionizing radiation[2TH23]. When multiple
damage sites are densely spaced they can induce a clustered lesion. Clustered lesions
are considered to be extra hard to repair and are mainly responsible for lethal and
mutagenic effects[24H26]. Densely spaced ionizations are induced by high-LET ra-
diation, as can be seen in Figure For high-LET radiation such as neutrons or

.
P

80 MeV \‘;\ ¢ 3 ’:\ 4 MeV

Few ionizations per track Many ionizations per track
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Figure 5: The difference in ionization density between low- and high-LET radiation,
visualized as one particle that interacts with DNA strands. Figure from|27]

a-particles, direct DNA damage is dominant. For low-LET radiation such as X-rays
or electrons, indirect DNA damage is dominant. Protons are considered low-LET in
the plateau region, but as their energy decreases and they approach the end of their
track, the LET increases and they are considered high-LET particles. DNA damage
due to direct ionizations often lead to DSB, where damage due to free-radical scav-
enging often leads do SSB.

An important factor related to biological response is DNA Double strand break DSB
repair. There are two dominant pathways for repairing DSBs induced by ionizing radi-
ation: Homologous Recombination (HR) and Non-Homologous End-Joining (NHEJ).
In NHEJ, the open ends of the DNA strands are ligated together. In this process
the resected base pairs are lost, resulting in incomplete repair. In homologous recom-
bination, nucleotide sequences are exchanged between two DNA strands that contain



similar or identical base sequences. First up to 100 base pairs of the damaged sites
are deleted, followed by a recombination protein that binds to a corresponding part
of homologous DNA. Subsequently the missing base pairs are copied and the strands
are recombined. Deficiency in a repair pathway results in an increased chance of cell
mutation or necrosis. By combining a drug that inhibits one of these pathways, the
biological effect of ionizing radiation can be increased.

1.2.2 Cell survival and RBE

The biological effect on a cellular level is generally described by the surviving fraction
of cells after irradiation. The cell surviving fraction is often obtained by means of
clonogenic assays. A clonogenic assay is the observation of a colony that derives from
a single irradiated cell. At a cell dependent moment after the irradiation, the colonies
are fixated and counted. The number of colonies is then compared to the number of
cells that were seeded and the ratio between these numbers is the surviving fraction.
Quantification of expected biological effect for a certain physical dose is important
for treatment planning. For fraction doses up to a few Gray cell survival can be
accurately described by the linear quadratic expression, where SF is the Surviving
Fraction of cells for a certain dose D.

SF(D) = exp{~aD - fD*}, (7)

with absorbed dose D and fitted coefficients o and 8. The shoulder of the survival
curve in Figure |§| describes the Relative Biological Effectiveness (RBE) of a particle
with respect to photons. This curve depends on the ratio between a and SB[28].
The values o and 8 vary per cell type, biological endpoint and type of radiation.
The RBE is a measure to compare two treatment modalities, defined as the ratio
of required doses to achieve the same biological effect. An example for RBE that is
shown in Figure |§| is the RBE;(, which is the ratio between doses that are needed to
achieve a surviving fraction of 10%. The coefficient « is proportional to the LET of
the particle[29], the Wedenberg et al model[30] model for instance assumes a linear
relationship between o and the LET. This means that LET and RBE are related.

D part. D x-ray Dose
100% T I -
| |
I I
: : D sy
5 10% b———2 N | PR D particle
= | |
> | |
-] | |
7] | |
I I
| |
1% ! !
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particle x-ray

Figure 6: Survival curve with photon shoulder. Definition of RBE, illustrated for
cell survival curves. Figure from|29]. The X-ray curve represents low-LET radiation
and the particle curve represents high-LET radiation.



Different treatment modalities such as proton and photon therapy are clinically used
to treat tumors. Although universally applicable plan parameters for biological effect
are desirable, dosimetry is still used to determine the clinical outcome of external
beam therapies. Since there is a difference in biological effectiveness between the
modalities, this must be taken into account when comparing treatment plans. Up to
the present day, the RBE of protons compared to high energy photons is set constant
to 1.1. This value was determined in vivo during the early days of proton therapy
and neglects dependency on dose, endpoint and beam properties[31]. However, much
higher RBE values of protons are reported in the distal millimeters of the range[32].
As RBE is defined based on the biological effect, it follows from Formula that
it depends on fraction dose, cell type, type of radiation and LET. There is a large
spread in RBE data due to inconsistency in experimental design and uncertainty in
dosimetry[33]. As the uncertainty in RBE values from experimental data is too large,
there is a need for well defined quantities that can predict biological response. If we
assume fraction dose, cell type and type of radiation do not change with the range,
the increasing RBE at the distal millimeters of the range can in a first approximation
be related to the LET of protons.

RBE rises slightly
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Figure 7: Schematic figure of how the proton RBE can vary from the fixed RBE of

1.1[34].

Both the increase in the distal part of the Bragg peak and the elongation of the range
as shown in Figure[7] can be attributed to the increase in LET. The LET is a defined
physical quantity, if the relation between RBE and LET is known the LET can be
used as a biological predictor. Paganetti et al (2019)[33] proposes an RBE vs LET
curve, determined under standard conditions at a select number of facilities with small
number of human control cell lines.

1.3 Monte Carlo simulations

Monte Carlo (MC) simulation is a numerical approximation method based on the
sampling of random objects or processes[35]. The method consists of repeated ran-
dom sampling from probability distributions. Using the Law of Large Numbers, Monte
Carlo simulations provide quantities of interest from complex models and determin-
istic systems. This approach can be exploited for dose calculations by modeling the
physical interactions of a proton traversing a medium. Because of the sharp distal



dose fall-off, small errors in proton dose calculations can be the difference between a
volume receiving all of the prescribed dose and receiving none of it[36]. Monte Carlo
simulation offers the best results for dose calculation and is used as a benchmark for
other dose calculation algorithms such as pencil beam algorithms. This is because
MC simulations take the physics of particle interaction into account using theoretical
models and experimental data for electromagnetic and nuclear interactions, where
pencil beam algorithms rely on kernels in density scaled materials[37].

The MC code that will be used in this study is TOPAS[36]. The TOPAS MC platform
is developed because previously available MC codes for proton therapy were underu-
tilized due to their complexity. TOPAS is a user-friendly tool layered on top of the
Geant4 toolkit[38]. Geant4 is specially designed for particles passing through matter.
Therefore it is a suitable program for the purposes of this study. It is used in particle
physics, nuclear physics, accelerator design, space engineering and medical physics.
In TOPAS it is possible to model both a passive scattering and scanning beam nozzle
and model on CT images. TOPAS can score dose, energy, fluence, LET and also save
and restart a phase space. The LET can be track or dose-averaged. LET in TOPAS
is scored step-by-step using the kinetic energy of a proton at the beginning of each
step using the unrestricted electronic stopping power. The energy is then divided by
the step-length to calculate the LET per step. The LET,; per voxel is obtained by
multiplying the LET of each step with the energy deposited in that step. The sum
of all these products is then divided by the total energy deposited in that voxel to
calculate the LET,;. The result is shown to be dependent on the chosen maximum
step-length. In general, larger step sizes give faster performance, but smaller step
sizes may give better accuracy.

1.4 Dosimetry

Quantifying biological effect as a result of radiation exposure requires accurate dose
determination. Absolute dosimetry is needed to determine the deposited dose to
the target. There are three main detector types to measure absolute dose: calor-
imetry, fluence and ionization based. Thanks to its negligible dependence on the
energy and LET of a particle, the ionization chamber is the most used detector in
particle therapy[39]. In an ionization chamber the average dose-to-air can be calcu-
lated by measuring the ionization inside the chamber, together with the mass inside
the chamber and the energy required to produce an ion pair in air. Subsequently
the dose-to-water is calculated via the Bragg-Gray cavity theory. The Bragg-Gray
theory relates the dose deposited in a cavity (usually a gas) to the dose that would
be delivered to a medium in case the cavity would not be there.

In this study a large electrode multi-layer ionization chamber (Giraffe, IBA Dosi-
metry) is used to measure the water equivalent thickness (WET) of our sample-holder
components. The Giraffe is specially designed for single-shot Bragg peak measure-
ments. It consists of 180 chambers with 2 mm pitch. By applying the Bortfeld fit[40],
the device is able to calculate the proton range compared to measurements in water
with a 0.5 mm accuracy[41]. The general equation for WET is

Pm Sm
tyw =ty ——=—, 8
- )

Pw Pw




where p,, and p,, are the mass densities of water and material, and S, and S, are
the mean proton mass stopping power values for water and material[42]. Instead
of using Formula [§] however, the TAEA (2000)[43] proposed that the WET can be

approximated by
R

ty = tmR—: (9)
where R,, and R, are the proton range in water and material. The TAEA TRS 398
code of practice refers to the WET as the product of the actual thickness (in cm)
and the material density (in g/cm?®)[44]. Both the approximation in Formula |§| and
the product of thickness and density can be used to avoid excessive stopping power
calculations.

The TAEA TRS 398 code of practice states that larger ionization chambers, such
as the thimble Farmer-type or parallel-plate ionization chambers, should be used for
single point dose measurements in the centre of a uniform field[45]. The available
detector during this study is the Markus parallel-plate ionization chamber (PTW,
Freiburg, Germany). Parallel-plate ionization chambers are made using two paral-
lel metallized foils in a gaseous chamber, with a constant voltage difference applied
over them[39]. The output signal is proportional to the number of particles passing
through the detector.

The ionization chamber is too large be used during experiments as it does not fit in
the sample-holder. Therefore in addition to the dose measurement with the Markus
chamber prior to an experiment, radiochromic film will be placed in the set-up during
an experiment. The radiochromic film used in clinical application at the Erasmus
MC is GAFchromic (Ashland Inc.) EBT3. This film is created for photon dosimetry
but has been shown to provide measurements accurate to 2% over doses of 0.2-100
Gy for proton therapy[46]. GAFchromic EBT3 film contains three layers, where the
active layer is sandwiched between two clear polyester based layers[d7]. The active
layer contains a dye that changes color when exposed to ionizing radiation[4§]. The
change in color is relate to the amount of ionizing radiation it is exposed to.
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2 Radiobiological experiments in proton beam ther-
apy: Where to start and how to be relevant

This chapter is originally written as a literature study conducted simultaneous with
the design phase of the sample-holder. The literature study report is assessed separ-
ately, but is included in this thesis because of its relevance.

To answer the first question described in the introduction, the following informa-
tion from 19 papers will be extracted and summarized in a table: Cell cultureware,
endpoint, phantom material, dosimetry, reference radiation, proton radiation, cell
survival model and LET. For the second question review articles, database studies
and perspective/opinion articles are analyzed.

2.1 Radiobiological experiments on (sub-) cellular level

Prior to summarizing experiments in proton radiobiology it is important to know
how such experiments are conducted. Section treats a typical experimental
setup including the corresponding work flow.

2.1.1 Experimental setup

The experimental process is divided into the following sections: sample preparation,
experimental setup (proton and gamma), dosimetry, LET simulations and sample
analysis.

Sample preparation: The first step is to choose the sample that will be irradi-
ated, which depends on the desired endpoint. This sample needs to be cultivated or
deposited into a housing such as a petri dish, flask, multi-well plate, etc. Most used
cultureware for radiobiological experiments are flasks and multi-well plates, shown
in Figure [§ Biological samples need careful treatment before, during and after irra-
diation. Cell cultures for instance are usually submerged in a special medium and
incubated at certain temperatures and COs levels.

Experimental setup: The experimental setup can be split into delivery and phantom.
In the delivery section is described what proton (PBS, PS) and photon (Linac, nuc-
lide) radiation is used and what the energy or energy range, dose rate, total delivered
dose, field size and spot size in air are. In the phantom section is described what type
of phantom is used and at what position in the beam path the sample is irradiated
(plateau, Bragg peak, etc.). An example of a setup for radiobiological experiments is
shown in Figure [0

Dosimetry: Absolute dosimetry is necessary for the verification of the delivered dose
to the sample. In most cases an ionization chamber calibrated according to standards
is used for his purpose. Additionally some studies perform relative dosimetry with
arrays of dosimeters or radiochromic film.

LET simulations of protons: LET is known to be correlated to RBE which makes
it an important physical quantity to address. LET can also be interesting for inter-
comparison of studies using different beam characteristics. Parameters used for the
Monte Carlo calculations should be elaborated on.

11



(a) (b)

Figure 8: Cell cultureware often used in radiobiological experiments. (a) 50mL
CELLSTAR T25 Flask. (b) Eppendorf multiwell culture plates

Spread-out Bragg peak

Cells in flasks

Water Dedicated jig

Solid phantom Cells in flasks

Figure 9: Irradiation method for relative biological effectiveness determination. For
X-ray irradiation a water tank is used, for proton irradiation a solid slab phantom is
used. Setup and image by Iwata et al.[49].

Sample analysis: Sample analysis depends on the chosen endpoint. For cell survival
(so far the most studied endpoint) the standard analysis is clonogenic survival, which
is the counting of colonies formed by surviving cells.

2.1.2 Summarizing the data

In this section the applied materials from selected radiobiological studies is sum-
marized. The data of 19 papers is listed in Table 1 and treated per section in the
paragraphs below.

Cell cultureware: The component in which the cells are seeded for irradiation,
such as a flask or multi-well plate in Figure

12



With 10 out of 19 studies, the most mentioned seeding unit is a flask filled with
medium. Four studies used petri dishes of which one used a 6-well petri-plate. Fur-
thermore two tubes, two chamber microscope slides, one microscope slide and one
monolayer are used. As a reason for using a flask filled with medium, [Michaelidesova
et al.|mentions it avoids back scattering and provides the opportunity to irradiate all
flasks at once by placing them in a row[50]. An additional advantage of flasks is the
possibility of vertical irradiation, in contrast to not completely closed components.
Disadvantages of flasks are: high labor intensity when working with larger number of
samples and cells prefer to attach to corners and edges, resulting in non-homogeneous
coverage.

Endpoint: The endpoint is important for intercomparison of data, as RBE is defined
for a certain endpoint (i.e. Surviving Fraction). Intercomparison of RBE values from
various experiments using different endpoints is therefore not possible.

14 out of 19 studies use cell survival as their endpoint. This large number is most likely
due to the terms used for searching articles. Nonetheless, cell survival will most likely
be used as endpoint in the experiments for the thesis that will be conducted and it is
therefore good to look at the method used for cell survival measurements. All of the
studies that use cell survival as their endpoint apply clonogenic assay. In clonogenic
assay, a surviving cell is a single cell with the ability to grow into a colony. Other used
endpoints are DNA Double-strand breaks, apoptosis, Foci formation, gH2AX assay,
RNA concentrations and single cell gel electrophoresis.

Phantom material: TAEA Codes of Practice TRS-398]44] lists water, PMMA and
Polystyrene as possible materials for phantoms in proton therapy experiments.

In 11 out of 19 studies PMMA is used as phantom material. Four studies used
a (glycerol)water phantom, two studies used an unspecified solid (water-equivalent)
phantom, one study used a cylindrical heater and one study does not mention any-
thing about the phantom material. Explicit reasons for using PMMA as a phantom
material are not mentioned in these studies, but are assumed to be the accurate depth
positioning, low cost, ease in use and depth reproducibility.

Dosimetry: Dosimetry will be performed during experiments, meaning that it has
to be implemented in the design of the sample-holder. How is dosimetry performed
in other experiments?

All studies use ionization chambers for reference dosimetry, mostly indicating to do
so according to standard protocols. Commonly used protocols for dosimetry are de-
scribed in TAEA 2000[43], TAEA TRS 398[44], ICRU Report 59[51] and Japanese
standard dosimetry 01[52]. In addition to reference dosimetry, nine studies indicate
the use of radiochromic film, alanine EPR or an ionization chamber array for relative
depth dose profiles and/or lateral dose beam profiles.

Reference radiation: Not all photon radiation has the same radiobiological ef-

fect, which makes the choice of reference radiation important in defining the RBE
and for intercomparison of data between studies.
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Eight out of 19 papers used a Cobalt-60 source as reference radiation. Four used
6 MV photon beams (of which one also used a 4 MV photon beam), four used 220 to
250 kV X-ray beams, one used 10 MV photons, one used Cesium-136 and one used
an 120 kV X-ray beam. In none of the papers is explained why that particular type
of reference radiation is chosen. It seems appropriate to choose MV photon beams as
these beams are used clinically in the Netherlands.

Proton radiation: Proton induced damage depends on the initial energy. Strag-
gling and applying mixed fields for instance result in decreased LET and thus reduced
clustered damage. This sections covers whether single Bragg peaks or spread-out
Bragg peaks are used in other centers and at what energy they operated.

With the exception of two, all studies used a SOBP. 13 out of 19 SOBPs are created
with the minimum and/or maximum modulation energies for clinical use (around 60
to 230 MeV), other SOBPs have energies in between, 87 to 190 MeV. In addition to
an SOBP, three studies have also used a pristine BP in their study. One study used
a 16 MeV pristine BP in order to yield higher LET values.

Cell survival model: Different studies irradiate with different doses and use dif-
ferent cell types, data from one study can therefore not directly be correlated to the
data of another study. By using models to correlate surviving fraction with dose,
curves can be fitted to interpolate between data points and retrieve RBE values per
surviving fraction or fraction dose.

14 out of 19 studies used the Linear-Quadratic model. Three studies do not men-
tion an RBE model, one used a linear model and one study used a parameterized
model based on LET.

LET: Proton RBE is known to be correlated with LET[3I], so it is interesting to
take LET into account when conducting radiobiological experiments.

In 14 out of 19 cases, the LET is included in the study, of which ten use the dose-
averaged LET (LETp). The remaining four studies that include LET do not elaborate
on their LET definition and how this is calculated. Five studies did not include LET
in their study.
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2.2 Performing relevant experiments

Seven recent review articles (from 2018 and 2019) on proton radiobiology are used
to determine the current state of knowledge and give an overview of the prospect of
various research groups on how to further study proton radiobiology.

Current data that suggests that the RBE of protons is not a constant of 1.1 is so
far insufficient to change clinical practice[3]. Contrary to the physical aspects of pro-
ton beam radiobiology, the biological aspects (biological endpoints in particular) are
not yet well understood. More effort is urgently needed to increase the accuracy of
RBE evaluation.

2.2.1 Limitations of current practice

Due to the limited access to proton beams, there is only limited number of samples
that can be irradiated which limits the range of parameters that can be studied. Ex-
ploiting the so far understudied biological advantages of proton therapy is expected to
change clinical practice. If a biological advantage of proton therapy in certain subsets
of patients can be determined, this would aid the discussion around the potential of
proton therapy[].

So far only few studies are dedicated to the differential response on molecular and cel-
lular levels between protons and photons[3]. Potential to translate historical data to
the clinic is limited by the use of primarily murine tumor cell lines. Two-dimensional
cell cultures are insufficient for representing the clinical treatment situation[70].

Neutrons and other secondary particles should be characterized when using range
shifters and introducing tissue equivalent material to position biological samples. This
is a challenge especially for studies using biological samples placed at or near the Bragg
peak, due to positioning and range uncertainty|[71].

Clonogenic survival of monolayer cultures from established cell lines is used as end-
point for most available RBE data at the moment. Until now this method is considered
appropriate, but its limitations are becoming more evident. The method does not take
into account tumor vasculature [72} [73], stimulation of immune responses [74H76], and
the impact on tumor response to radiation due to the micro environment[33].

Problems in defining a proton RBE It may be that the RBE of protons is higher
than 1.1, especially in the distal millimeters of the Bragg-peak, where it increases
with increasing LET. The uncertainty in the increase in RBE is a topic of debate in
situations when protons stop near or inside critical structures like the central nervous
system [70].

Considering the large amount of data that is available, the spread in absolute RBE val-
ues between experiments is remarkable. Inconsistency in experimental design between
laboratories and uncertainties in dosimetry may be contributors to a large part of this
spread in data. Not only the irradiation conditions between labs are different, so are
cell handling protocols. The growth phase, cell densities, time of plating and attach-
ment /suspension are all important factors that affect cell radiation sensitivity[33].

Current RBE estimates depend on the cell type and detection method as it has been
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shown that DNA damage and cell death vary between photon and proton irradiation
with a.o0. tissue type and dose level [77]. Biological differences that cause variability
in RBE also include the role of immune responses in vivo[33].

RBE dependence on cell lines/tissue types correlates with their photon fractiona-
tion sensitivity of a/3. Systems with a low «/8 show a strong decrease of RBE with
increasing dose per fraction. Systems with high «/f (10-25 Gy) show lowest RBE
values, also below 1.1 [70]. DNA DSB damage after proton irradiation is more com-
plex than after photon irradiation, due to the clustered damage from the higher-LET
proton. As the complexity of DNA DSB damage is a factor in the repair pathway
choice, this might be an explanation for homologous recombination being the more
common repair pathway after proton irradiation, which takes longer to repair DNA
than non-homologous end-joining[78§].

From experimental data can be concluded that when averaged over all cell lines,
RBE for cell survival at 2 Gy per fraction varies from 1.1 in the SOBP entrance,
to 1.15 at the SOBP center, to 1.35 at the distal edge of the SOBP and 1.7 at the
distal fall-off [311, 66]. This increase in RBE with depth is found to correlate with the
increase in LET. RBE thus varies with LET along the path of the beam, mainly near
the distal end[70].

In the absence of a reliable RBE model that can be incorporated in treatment plan-
ning, other methods should be used. Luhr[70] proposes a four step strategy: (i)
Awareness of RBE uncertainty during plan evaluation, (ii) mitigation of the RBE ef-
fect during treatment planning to avoid high RBE in critical structures, (iii) generate
clinical RBE data using patient outcome data and (iv) initiate clinical in vivo studies.
The following RBE mitigation strategies are proposed (a) selection of beam angles
and dose reduction in the distal millimeters of the beam, (b) robust optimization and
(¢) LET optimization.

2.2.2 LET as a surrogate for RBE

Without a RBE model, LET can be a surrogate for RBE. LET p, is a reliable predictor
for RBE only in the case of narrow LET distributions but not for broad LET distribu-
tions as present in SOBPs and treatment plans[79], this is because the RBE-LET re-
lationship is nonlinear. Articles such as those by Friedrich et al.[80] and Paganetti[31]
relate RBE to LET while using experiments with mixed radiation fields. Not distin-
guishing between SOBPs, pristine Bragg peaks and experiments under track segment
conditions result in a scatter of the data. When LET is not linear with RBE, it should
not be used as a predictor for biological effect but as a surrogate for varying biological
effect[81]. Paganetti et al. propose a “reference” RBE vs LET curve determined un-
der standard conditions at a select number of facilities with small number of human
control cell lines. The aim of this curve is standardization of data obtained in future
experiments[33]. Standardization of LET vs RBE seems the correct thing to do, as
not only experimental set-ups but also calculation algorithms vary between institutes,
adding an extra dimension for errors.

Durante et al.[71] address the challenge of LET dependence of dosimeters, which

has to be corrected for. LET changes substantially between different regions of the
beam path, especially at the distal few millimeters. In order to assess the LET de-
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pendent response of dosimeters, Monte Carlo algorithms can be used to simulate the
LET distribution of radiation fields. Detailed knowledge of the dose, LET and other
physical factors at the point of interest (cell culture plate) is needed. This can be
achieved by accurately modeling the experimental geometry i.e. material composition
of elements in the beam path in the MC simulation.

Devices are being developed that allow direct LET measurements at micrometer and
nanometer scales[79]. These devices may improve our understanding of the biological
consequences of proton interactions and ultimately lead to well defined proton specific
dose and LET constraints to tumors and organs at risk. Such well defined physical
parameters in combination with their known biological consequences can make the
RBE as it is now redundant.

2.2.3 Translation to the clinic

Radiation biology research has the goal to translate laboratory findings to clinical
practice[71]. Two steps are commonly mentioned: the first step is understanding the
biology of radiation response[3] [4] [33], the second is step is for experiments to stay as
close to the clinical situation as possible[70] [71].

Understanding the biology of radiation response More sophisticated in wvitro and
in vivo models are needed to mimic the heterogeneous tumor structure[70]. Current
in vitro experiments are well justified and should be continued, but are insufficient to
change the constant clinical RBE. Especially more in vivo studies are needed before
RBE variations can be implemented in proton therapy[3].

There is a need for studies to assess the relevance of clonogenic survival as an endpoint
for RBE. Paganetti et al. request additional models and/or endpoints to achieve a
full understanding of appropriate RBE values. Potentially interesting studies from the
biological side are the differences in response to protons and photons of: angiogenesis
and cell migration[82], patterns of gene expression [82], [83], DNA methylation[84], and
production of ROS [85]. Differences in response for these processes may support a
variable RBE in proton treatment planning[19][33].

In wvitro and in vivo experiments are needed to understand biological damage and
repair mechanisms in order to improve characteristics for models such as LEM. Ex-
tra care should be taken to the physical characteristics of the beams used for these
experiments for better uniformity in laboratory conditions[71].

Molecular mechanisms that contribute to differential RBE values can be understood
in more detail using a high-throughput approach[33]. With a high-throughput ap-
proach it is possible to assess response at multiple dose levels in a large number of
patient-derived cell lines. This large amount of data can then be combined with
knowledge of the genomic profiles of each cell line.

Multi-scale models may be capable of characterizing all stages of cellular radiation
response[4]. Collaborations between experimentalists and modelers should lead to the
design of multi-scale experiments, combining terminal endpoints (cell survival) with
quantification of intermediate processes (DNA repair, mutation, chromosome aberra-
tions).
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The pipeline in Figure [I0]is proposed for the discovery of clinically useful biomarkers
to predict variable RBE values[4].

Translational Pipeline for Proton Beam Therapy (PBT) in Cancers

| Preclinica dies
in vitro in vivo
Screening for RBE Validation/Refinement . R
== - B
Clinically Representative [ Spheroids/Organoids ] ..
E
Cancer Cell Line Panel Tumor Growth TCD50 Assay Clinical
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Figure 10: Translational pipeline for proton beam therapy in cancers by Willers et

al.[4]

Confining to the in vitro part of the pipeline, experiments are placed in two phases:
Screening for RBE and Validation/Refinement. Screening for RBE consists of stand-
ardizing clinically representative cancer cell lines with known behaviour by means of a
panel and the targeted screening using RNAi or other screens. For validation /refine-
ment the authors propose the use of Spheroids & organoids, RBE mechanisms & bio-
marker validation, addition of chemotherapy or biological drugs and inter-institutional
cross-validation.

Recent findings suggest that DNA repair-pathways such as homologous recombin-
ation or the Fanconi Anemia pathway may explain a part of the variation in RBE
values found between human tumor cell lines|78|,[86], [87]. Besides explaining the differ-
ences in proton RBE found in experiments, these deficiencies in repair-pathways can
be used in human tumors that suffer these deficiencies and can even be combined with
pharmacological agents to even further exploit defects in repair pathways[33]. If a bio-
logical advantage of proton therapy in certain subsets of patients can be determined,
this would aid the discussion around the potential of proton therapy[4].

Stay close to the clinic Experiments that do get carried out should be coordinated
for translation to the clinics. Considerations are among others improving cell culture
systems including translational endpoints and the use of a clinical exposure situation.
Human pluripotent stem cell-derived 3-dimensional organoid systems may close this
gap[88]. Proton beams used for experiments should consist of a clinical composition of
energies that cover the entire target with a homogeneous dose[70][71]. Basic physics
experiments often use a pristine Bragg-peak or spread-out Bragg peak with non-
clinical energies. The difference in number of particles, energy spectra and dose rate
per small unit area between passive scattering and active scanning is an important
factor to take into account[71].
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2.2.4 Intercomparison of data

Intercomparison of data is critical to reduce the spread in values between studies.
Detailed reporting of physical parameters and their uncertainties is of great import-
ance for intercomparison of experimental data, this also applies to researchers using
clinical beams[7T].

Understanding the (biological and physical) reasons for the spread in RBE values
is needed in order to improve experimental techniques. Comparison of experimental
outcomes between laboratories can be realized by standardization and accurate re-
porting of experimental and dosimetric procedures [33]:

— Use 6-MV photons or Cobalt-60 as reference photon radiation.

— Potential alternative approximation to proton RBE for the analysis of experi-
mental data is to use proton LETp relative to LET of secondary electrons from
photon reference radiation.

— Provide detailed physics experimental design information including LETp as it
is essential for biological effect models.

— Scanned proton beams have narrower energy spectra compared to scattered
proton beams, which is why LETp spectra of scanned proton beams provide
highest quality LETp data.

Going forward it would be ideal to have a list of minimally available dosimetric in-
formation on an experimental setup and a standard set of biology conditions to allow
intercomparison of data among labs. The standardization will help reduce uncer-
tainty as well as quantifying the dependence of RBE variability on LET, dose, dose
per fraction and tissue/cell type[33].

Durante et al.[71] have constructed a set of parameters and measurements that should
be addressed when publishing on pre-clinical radiobiology of heavy ions: Irradiation
technique, Fluence calibration, Physical dose, Time structure of the beam, Fluence at
multiple time scales, Dose rate, Dose and fluence spatial uniformity, Nominal ion spe-
cies, Ton beam purity, Nominal beam energy, SOBP width, Particle spectrum, LET
for each ion or microdosimetric spectrum, List of beam modifiers and their character-
istics. A more detailed description of the parameters including methods, suggested
reporting and desired accuracy is described in the article. Personally I think a stand-
ard set of parameters and measurements is very useful to have when designing an
experiment, in addition to allowing intercomparison it also acts as quality assurance.

2.3 Conclusions

The topics raised for this literature study are on how to conduct radiobiological ex-
periments at cell level and how to be relevant with the conducted experiments. This
is what can be concluded:

Radiobiological experiments at cell level: According to Table 1, an experi-
mental setup to perform radiobiological experiments on cell level is conducted as
follows: The endpoint is cell survival and the cells are irradiated in a flask or a 6-well
plate, surrounded by a PMMA or water phantom. Absolute dosimetry is performed
with an ionization chamber and can be complemented with relative dosimetry using
radiochromic film. As proton irradiation a SOBP is used, reference radiation can be a
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Cobalt-60 source, 6 MV photons or 200-225 kVp X-rays. Sample analysis is performed
by means of clonogenic survival. The linear-quadratic model for fitting a cell-survival
curve and dose-averaged LET calculations can be conducted for intercomparison of
data.

How to perform relevant experiments: There is a large spread in RBE data
due to inconsistency in experimental design and uncertainty in dosimetry. Better
understanding of radiation response is needed, for which multi-scale experiments and
high-throughput approaches are proposed. To really contribute to proton radiobio-
logy it is important to conduct experiments in such a way that the acquired data can
be translated to the clinic and can be compared and/or combined with data from
other centers. Experiments should have accurate reporting, minimum dosimetric in-
formation and a standard set of parameters and biological conditions.
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3 Materials and Methods

The objectives of this thesis are to design a sample-holder, work out the dosimetry
and perform radiobiological experiments with it. In addition Monte Carlo LET cal-
culations are performed based on the characterization of a Bragg peak in the setup.

3.1 Sample-holder design

Many considerations have led to the final design of the sample-holder: cultureware,
material, position accuracy & stability during handling, ease in use and use of dosi-
metry during the experiment. In this study the most important of these considerations
is the cultureware, as our choice of cultureware brings additional challenges. The cells
are provided by the Molecular Genetics department of the Erasmus Medical Center,
who prefer 6-well plates as cultureware because they are easy use and the uniform
distribution of cells on the bottom of the wells.

Future experiments will be conducted in the Holland PTC research bunker, which
has a fixed horizontal beamline. As the 6-well plates are not completely closed, fluids
will leak out when positioned vertically. Because the 6-well plates cannot contain
any liquids in this position, the cells will be irradiated without the culture medium
which provides them the necessary nutrients, growth factors and hormones and that
regulates the pH and osmotic pressure[89]. The culture medium needs to be removed
prior to the experiment and new medium should be added directly after the experi-
ment. The maximum time for cells to be unaffected by the lack of culture medium is
expected to be 5 minutes. This time window requires the 6-well plate to be inserted
and removed quick and easy without changing the position of the sample-holder.

Figure 11: Custom designed drawer system as part of the sample holder. The
system allows quick and easy insertion and removal of the 6-well plate. Courtesy of
Roel Hoogeveen

As suitable materials for phantoms in proton therapy experiments, the ITAEA Codes of
Practice TRS-398[44] lists water, PMMA and Polystyrene. Often solid water "RW3”
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phantoms are used, which consists of polystyrene slabs with a mixture 2.1% TiO4[90].
However due to the added Titanium, RW3 is not recommended to use in proton ther-
apy. Because the 6-well plate is not completely closed, a water tank is not suitable as
sample-holder. Based on fabrication costs and availability, polystyrene is chosen as
material for this sample-holder. Ten slabs with a thickness of one centimeter can be
stacked on top of each other, connected with two pins to fix their position relative to
each other as shown in Figure In addition the choice is made for: one slab of 5

Figure 12: Stacking of polystyrene phantom. Courtesy of Roel Hoogeveen

millimeter, four slabs of 1 millimeter and one slab of 0.5 millimeter, in order to vary
the build-up thickness for different proton energies. The 6-well plate is placed in a
2.5 c¢m thick slab with a 'drawer’ system as shown in Figure [[1] The drawer allows
for quick and easy handling of the 6-well plate when time is a limiting factor.

Dosimetry during the experiment is performed using radiochromic film, which can
be placed between two slabs. Position reference of the radiochromic films is done by
punching small holes on three corners using a pushpin. Accurate punching is guar-
anteed using an additional 'punching’-slab with three holes the size of the pushpin.
Every slab contains three small wells on the same positions as the punching-slab to
allow the pushpin to penetrate the film.

3.2 Dosimetric validation of the sample-holder

In order to create a dose plan for the sample-holder, it needs to be dosimetrically
characterized. First the WET and thickness uniformity of the slabs will be measured.
Subsequently radiochromic film will be used for spot characterization and range veri-
fication. Finally radiochromic films will be calibrated for absolute dosimetry using a
PTW Markus chamber.

3.2.1 WET measurements

WET measurements are needed for reliable dose calculations. WET measurements
are perfomed in order to calculate the density. Because the slabs of 10 and 5 mm
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thickness have the same manufacturing process they are considered the same material.
WET measurements are therefore only performed on a 10 mm thick slab. This the
same for 1 and 0.5 mm slabs, where only the WET of a 1 mm slab is measured.
Also the WET of the drawer system (as shown in Figure and the bottom of the
well & lit of the 6-well plate will be measured. Thickness uniformity is determined
by measuring the WET at five positions of a 10 mm slab. WET dependence on the
energy is analyzed by irradiating a 10 mm thick slab with five different energies: 70,
110, 150, 190 and 230 MeV. WET measurements are performed with the IBA Giraffe

Figure 13: Setup for the WET uniformity measurements, the targets are placed in
front of the IBA Giraffe.

by placing targets in front of its entrance as shown in Figure The targets are
irradiated with a 150 MeV single pencil beam (ProBeam system, Varian). The WET
is calculated by comparing the Rgy with and without target positioned in front of the
Giraffe, where Rgo is the depth at which the absorbed dose beyond the Bragg peak
falls to 80% of its maximum value[91].

3.2.2 Dosimetry using radiochromic film

Radiochromic EBTS3 film is calibrated to a PT'W Markus ionization chamber (which
is calibrated as a secondary standard) in order to use the film for absolute dosimetry
and for spot characterization and range verification.

Absolute dosimetry will be performed using the RW3 phantom because this phantom
has specially designed slabs to fit the ionization chamber. To check whether the dose
deposition in the RW3 phantom is different compared to our polystyrene sample-
holder, the measurement will be performed with both RW3 slabs and polystyrene
slabs above the film as shown in Figure [T4A. The film is placed directly on top of
the ionization chamber to have the measurement points coincide as much as possible.
The color change of the radiochromic film is calibrated to the measured dose with the
ionization chamber. The same box plan as used for clinical quality assurance (QA)
will be used for this experiment, which is a 10x10x10 cm field, centered at a depth
of 10 cm (calculated for RW3). It is known from these QA procedures that the dose
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delivered to the RW3 phantom is constant over time. It is expected that the dose
delivered to the polystyrene phantom will be the same as to the RW3 phantom.

Protons

Protons
10x10x10 cm3 field 70 MeV Pencil beam
centered at 10cm depth
PS slabs
RW3 Film
or
PS slabs
Film
Film Film
Markus
chamber
Film
RW3
slabs

(A) (B)

Figure 14: Measurement setups for (A) Absolute dosimetry calibration for EBT3
radiochromic films and (B) Spot characterization and depth-dose reconstruction in
the PS sample-holder using EBT3 radiochromic film.

Range verification and spot characterization is done by placing EBT3 film between
every slab along the path of the protons. The sample-holder is stacked as in Figure
[14B with films at the following depths: 1 cm, 2 ¢cm, 3 ¢cm, 3.5 ¢cm, 3.7 cm, 3.9 cm and
3.95 cm. The phantom is irradiated with a 70 MeV single pencil beam with 3300 MU
at a rate of 100000 MU /min. The films are scanned, relative dose will be measured
and will be compared to calculated doses with TOPAS and RayStation.

3.3 Monte Carlo LET calculations

Dose-averaged LET values are retrieved from TOPAS 3.2.0/Geant4 10.05.p01. TO-
PAS calculates LET based on methods discussed in two papers on LET in Geant4[92]
93]. The sample-holder shown in Figure is modeled in TOPAS using the basic
geometries TsBox and TsCylinder. In Figure the same simulation is shown, but
with 100 proton tracks visualized.

A custom material is created based on the chemical composition (C8HS8, weight
fractions H=0.077418 and C=0.922582) and mean excitation energy (68.7 eV) from
the NISTdatabase[94] and the density (1.041 g/cm?) calculated from the WET meas-
urement. The proton source is modeled as a flat, rectangular source of 12.5 cm by
16.5 cm. The number of 107 particles is used in this simulation. LET is scored in
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Well of the 6-well plate

Figure 15: Side view of the sample-holder geometry from the TOPAS MC simula-
tion.

Figure 16: The same side view as in Figure but with 100 particle tracks of
two proton energy layers (89.50 and 92.20 MeV) visualized. The shown particles are
protons (blue), electrons (red), gammas (yellow) and neutrons (magenta).

27



a 16 cm long cylinder visible in Figure in yellow. The radius is 1.75 cm which
is identical to the well diameter. The LET scoring bin size is 1 mm, the maximum
step length (the length that a particle travels between two interactions) is 0.2 mm
in the bottom of the well and in the medium and 1 mm (default) elsewhere. The
maximum step limit in the well-bottom and medium is based on the scoring bin size.
The step limit in the bottom of the well and the medium is different to the rest of
the sample-holder, as that is the region where we want to calculate LET values in.
Using larger step-limits in the rest of the phantom saves calculation time. Additional
restrictions to save calculation time are the minimum electron production threshold
of 0.05 mm (range in matter, production energy threshold is different per material)
and neglecting secondaries generated in medium with a density below 0.01 g/cm?3.

3.4 Radiobiological experiments

Cell survival experiments are performed to confirm that the sample-holder is suitable
for radiobiological experiments. There is a risk of not hitting cells in the Bragg peak
due to calculation errors. Therefore, cell survival curves will therefore be constructed
for irradiation in the plateau region as well as in the Bragg peak. Figure [4] shows
that in the plateau region, a slight miscalculation of the range of several millimeters
will result in only a 1% change in delivered dose and LET. Dose delivery is checked
by placing EBT3 film underneath the 6-well plate. If the range calculation is correct,
irradiation of cells in the Bragg peak enables the comparison of cell survival between
exposure to different LET levels. This is because the LET of protons is significantly
higher in the Bragg peak compared to the plateau region, see Figure[d]in Section[T.1.1]

The experiments with protons are conducted in a clinical gantry, using a vertical
beam. Future experiments however will be conducted in the research beamline, which
only has a horizontal beam. When irradiating with a horizontal beam, the 6-well
plates have to be placed in a vertical position. As the 6-well plates used for these
experiments are not completely closed, these wells cannot contain medium during
irradiation in a horizontal beamline. This opportunity of irradiating with a vertical
beamline is used to study the difference of cells being submerged in medium versus
cells where the medium is temporarily suctioned (5-10 minutes). As shown in Figure
three wells per irradiation will contain medium and three wells will not. Results
will show whether cells are affected by the lack of medium during irradiation. The

proton therapy facility is not yet equipped with an incubator, causing the cells to
be exposed to room temperature for five hours during transport and irradiation. To
study the effects of cells being exposed to room temperature for that long, additional
experiments are performed with photons. Identical experiments will be conducted for
cells that have been incubated and cells that are exposed to room temperature for five
hours. During photon irradiation the 6-well plates contain three wells with medium
and three without, just as in the proton experiments.

3.4.1 Sample preparation

Nine 6-well plates are used for proton irradiation, five plates for irradiation of cells
in the plateau region and four plates for irradiation in the Bragg peak. Human bone
osteosarcoma epithelial cells (U20S) are chosen because of their ability to withstand
unfavorable culture conditions. The cells were cultivated by the Molecular genetics
department of the Erasmus Medical Center, Rotterdam. Cells were seeded in 6-well
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Figure 17: Layout of the 6-well plate during irradiation. The black colored wells

Al, A2 and A3 will contain medium during irradiation. The grey colored wells B1,
B2 and B3 will not contain medium during the experiment

plates with a density of 400 cells per well, growing in DMEM (Dulbecco’s modified
eagle medium) medium with 10% FCS (fetal calf serum) and added penicillin/strep-
tomycin. Cells are incubated overnight at 37°C and 5% CO,. Cells were transported
to the proton facility one hour before irradiation.

3.4.2 Irradiation

The irradiation procedures for photon and proton irradiation are discussed separately
in the paragraphs below.

Proton irradiation

Dose plans are made in RayStation 7 (RaySearch Laboratories, Sweden) and irra-
diated with a clinical gantry of a ProBeam(@®) Pencil beam scanning system (Varian
Medical Systems, Inc.) at Holland PTC. To model the sample-holder in RayStation,
a CT scan of an existing phantom is used with a density overwrite according to the
results of the WET measurements. Plans are generated as a homogeneous field with
a maximum deviation of & 2% of the planned dose. Plans are made with a 2 cm
margin on all sides of the target to ensure full coverage of the target. The plans for
irradiation in the plateau region are made using a single energy layer of 150 MeV
protons, see Figure [I8la for the depth dose curve. Cells are placed at a depth of 3.60
g/cm? and irradiated with doses of 0.45, 0.91, 1.82, 2.73 and 3.64 Gy. The plans for
irradiation in the Bragg peak are made using two energy layers of 89.50 and 92.20
MeV, which together cover the layer of cells, see Figure [L8]b for the depth dose curve.
Cells are placed at a depth of 5.79 g/cm? and irradiated with doses of 0.91, 1.82, 2.73
and 3.64 Gy.
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Figure 18: Depth dose curves for large irradiation fields using (a) a 150 MeV field
and (b) a combination of 89.50 and 92.20 MeV. White arrows indicate the position
of the cells for the radiobiological experiment experiments.

It is desirable to leave the cells without medium as short as possible. To do so,
medium is extracted and added inside the irradiation room just before and after ir-
radiation. EBT3 film with equal size of a 6-well plate is placed underneath the 6-well
plate as that is the closest position to the cells, as shown in Figure New medium
is pipetted in the three wells after irradiation and the EBT3 film is stored in a dark
place.

Photon irradiation

Photon irradiations were performed with a RS320 X-Ray research irradiator cabinet
(Xstrahl Limited, Surrey, UK) in the Erasmus Medical Center, Rotterdam. 6-well
plates are placed in the cabinet and irradiated with 1, 2, 3 and 4 Gy. The dose rate
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Figure 19: 6-well plate and EBT3 film after irradiation, ready to add new medium
to exposed cells.

is constant while irradiation times depend on the dose. The cabinet is set at 195 kV
and 10 mA and the dose rate is 1.67 Gy/min.

3.4.3 Analysis

Cell survival analysis is done by means of clonogenic assay. For every irradiation
situation there is one non-irradiated 6-well plate that serves as control. From the
clonogenic survival data of eight different conditions, the following cell survival curves
will be constructed:

X-ray irradiation

e Cells that were on room temperature for five hours and were irradiated with
medium (Ph/RT/Med)

o Cells that were incubated and irradiated with medium (Ph/37/Med)

e Cells that were on room temperature for five hours and were irradiated without
medium (Ph/RT/Dry)

e Cells that were incubated and irradiated without medium (Ph/37/Dry)

Proton irradiation

Cells that are irradiated in the Bragg peak, with medium (Pr/BP/Medium)
Cells that are irradiated in the plateau region, with medium (Pr/Pl/Medium)
Cells that are irradiated in the Bragg peak, without medium (Pr/BP/Dry)
Cells that are irradiated in the plateau region, without medium (Pr/P1l/Dry)

Analyzing the curves gives insight into the biological effects on cell level of the condi-
tions that cells were exposed to: being on room temperature for five hours, having no
medium for 5-10 minutes and irradiation in the proton Bragg peak vs plateau region.
For cells that were irradiated in the proton Bragg peak vs plateau region, cell survival
numbers may be linked to the calculated LET values.
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4 Results

The results of the WET measurements, film dosimetry, Monte Carlo LET, calcula-
tions and cell survival experiments are presented in this chapter.

4.1 WET measurements

The WET values of the irradiated targets are listed in Table[2] The WET is a direct
result of the measurements, the density [g/cm?] is the WET multiplied by the density
of water and divided by the thickness of the target.

Table 2: Water equivalent thickness (WET) measurements of five targets, used for
range calculations in dose planning.

Target WET [cm] Density [g/cm?]
10 mm polystyrene slab 1.03 1.04
0.5 mm polystyrene slab 0.05 1.06
Drawer slab 0.42
6-well plate bottom 0.13 -
6-well plate bottom + lit 0.24 -

The density of a 10 mm thick slab is 1.04 g/cm?® and the density of a 0.5 mm poly-
styrene slab is 1.06 g/cm3. These density values will be used for range calculations in
RayStation and TOPAS MC. The density measruement of the 10 mm thick slab will
also be used for the 5 mm thick slab and the density of the 0.5 mm thick slab will
also be used for the 1 mm thick slabs.

The thickness uniformity of a 10 mm thick polystyrene slab is measured as the WET
on five different positions as shown in Figure The results are shown in Table

Table 3: Water equivalent thickness (WET) uniformity measurement on five posi-
tions on a single polystyrene slab of 10mm. Measured with at 150 MeV single pencil
beam. Positions correspond to the numbers in Figure

Measurement WET [cm]

Position 1 1.03
Position 2 1.03
Position 3 1.03
Position 4 1.02
Position 5 1.03

Mean 1.03

SEM 0.002

The mean WET is 1.03 g/cm? and the standard error of the mean (SEM) is 0.002
g/cm?. The results of the energy dependency measurements are listed in Table
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Table 4: WET dependence on the initial energy of protons.

Energy [MeV] WET [cm]

70 1.04
110 1.03
150 1.03
190 1.03
230 1

The WET decreases with increasing initial proton energy. The WET is constant for
110-190 MeV protons and decreases from 1.03 to 1 from 190 to 230 MeV.

4.2 Dosimetry using radiochromic film

A large homogeneous box plan is used to irradiate both the RW3 phantom and the
polystyrene phantom. The dose is measured with an ionization chamber as well as
EBTS3 film, as shown in Figure The hypothesis is that the delivered dose (as
measured with the Markus ionization chamber) and measured dose with EBT3 film
is the same for both phantoms. The delivered doses and measured doses with the
EBTS3 film are listed in Table [l

Table 5: Absolute dosimetry calibration of EBT3 film with a Markus ionization
chamber

Measurement Delivered dose [Gy] Measured dose [Gy]

0 Gy, control 0 0.28
2 Gy in RW3 1.984 2.00
4 Gy in RW3 3.963 3.98

2 Gy in PS 1.976 2.20

The delivered dose and the measured dose for the 2 Gy and 4 Gy irradiations in the
RW3 phantom agree within 1%. In the polystyrene phantom however, there is a dif-
ference of 11% between the delivered dose and measured dose for the 2 Gy irradiation.

A 70 MeV single pencil beam is shot at the polystyrene phantom with EBT3 films
placed between the slabs. Relative doses along the central axis of the pencil beam are
obtained by measuring the dose at the center of the spots on the films, see Figure [20]

J

Figure 20: EBT3 radiochromic film irradiated with a 70 MeV single pencil beam.
Depth increases from left to right, see Table[6] The films have a size of approximately
3-4 cm per side

The goal was to reconstruct a Bragg peak by placing 7 films along the depth. The films
were placed at pre-calculated depths from which we expect to be able to reconstruct
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the Bragg peak. From left to right, the films in Figure are ordered from most
shallow to deepest. The relative doses for every depth are listed in Table [6]

Table 6: Normalized dose values from a 70 MeV single pencil beam irradiation per
depth in Polystyrene

Depth [cm] Normalized dose

0.99 0.28
2.01 0.32
3.03 0.43
3.52 0.60
3.78 1.00
4.01 0.29
4.09 0.07

The central axis doses of a 70 MeV single pencil beam are calculated using RayStation
and TOPAS MC and are plotted in Figure [21] together with the measured doses from
the EBT3 films.

Dose of 70 MeV BP along the central axis

Relative dose (-]

—— Ray5tation
—— TOPAS MC
oo+ # EBT3film

o 1 2 3 4 5
Depth {cm)

Figure 21: Normalized depth dose profiles of a 70 MeV single Bragg peak along the
central axis. Calculations in RayStation and TOPAS MC are plotted together with
measured values using EBT3 radiochromic film.

It can be seen that the measured doses with the EBT3 film are up to 20% lower
compared to the calculated doses using RayStation. The measured doses are up to
5% higher compared to the calculated doses using TOPAS MC. The Bragg peak cal-
culated in RayStation has a larger distal penumbra than the Bragg peak calculated
in TOPAS. The depth-dose curve calculated in TOPAS agrees better with the doses
measured with EBT3 film, both in depth and intensity. Remarkable is that the distal
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fall-off of the curve calculated in RayStation is spiked compared to the rest of the
curve.

By normalizing all curves to their maximum value, the reader may be biased by
thinking that the maximum measured value with EBT3 film is the position of the
Bragg peak. However, the EBT3 film that received the highest dose was not neces-
sarily positioned in the Bragg peak. Its actual Bragg peak may be shallower or deeper.
Additional scaling of the dose (not the depth) is performed based on the doses in the
plateau region and proximal part of the Bragg peak. This is the region where less
variation in dose is expected due to different calculation methods. The results are
shown in Figure

Dose of 70 MeV BP along the central axis

10 -
0.5 1
B 0.6
[=]
=
i
=
m
o 04 A
[=
0.2 1
—— RayStation
—— TOPAS MC
po4 = EBT3film

o 1 2 3 4 5
Depth {cm}

Figure 22: Depth dose profiles of a 70 MeV single Bragg peak along the central axis
with scaled doses. Calculations in RayStation and TOPAS MC are plotted together
with measured values using EBT3 radiochromic film.

It can be seen that the calculations by RayStation and TOPAS now agree better
with the measured doses. The dose calculation from TOPAS agrees within 1% with
the measured dose values along the whole depth, including the distal fall-off. The
calculation from RayStation agrees with the measured doses in the plateau region
and proximal part of the Bragg peak, but differs with 15% in the Bragg peak and
over 100% in the distal fall-off.

4.3 Monte Carlo LET, calculations

LET, values are calculated in TOPAS for the proton plans made for radiobiological
experiments. The proton energies and experimental setup were modeled in TOPAS
according to the actual radiobiological experiment. The LET values are scored in the
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geometry that resembles the density and volume of the culture medium (see Figure

in Section and are listed in Table m

Table 7: Dose averaged LET (LETy) values at cell depth for irradiation in the
plateau region of a 150 MeV uniform field (see Figure [18la) and in the Bragg peak
of a 89.50 & 92.20 MeV uniform field (see Figure [18|b), calculated in TOPAS MC.

Cell location LET, [keV/um)]
Plateau 1.30
Bragg peak 3.78

From Table [7] it can be seen that the cells that were irradiated with the Bragg peak
plan were exposed to an almost three times higher LET; compared to cells that were
irradiated with with the plateau region plan.

4.4 Cell survival experiments

Cells are irradiated with protons and X-rays, under different circumstances. With
protons, cells were irradiated in the plateau region and in the Bragg peak. Both in
the plateau region and in the Bragg peak there were cells with medium and without
medium (dry) in the well. Clonogenic survival after proton irradiation is shown in

Figure 23]

Clonogenic survival after proton irradiation
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Figure 23: Clonogenic survival of U20S cells after proton irradiation. Every marker
is the average surviving fraction of three wells. Cells were irradiated in the plateau
region of a single energy layer (150 Mev) or in the two-layer Bragg peak (89.50 and
92.20 MeV), both large fields covering the whole 6-well plate. For both positions,
cells with medium and without medium (dry) were irradiated.

Although cells were irradiated up to 3.64 Gy, Figure [23| shows that there is no colony
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formation after 0.91 Gy. Only the cells that were irradiated in the Bragg peak and
without medium in the well were able to form colonies beyond 0.45 Gy. Because of
this limited amount of data, no linear-quadratic curves are fitted. Although prelim-
inary, from the 0.45 Gy data it can be seen that irradiation in the Bragg peak results
in more cell death compared to irradiation in the plateau region. In addition to this,
cells that had medium in the wells during irradiation formed less colonies than cells
that had no medium in the wells.

Figure 24] shows clonogenic survival after X-ray irradiation for cells that were at room
temperature for four hours and cells that were incubated. Just as with the proton
irradiations, there were cells with medium in the well and without medium (dry) in
the well. Linear-quadratic curves are fitted on the data and the corresponding o and
B values are given.

Clonogenic survival after X-ray irradiation
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Figure 24: Clonogenic survival of U20S cells after X-ray (195 kV) irradiation,
every marker is the average surviving fraction of three wells. Half of the 6-well plates
were stored outside the incubator (at room temperature) for four hours. For both
situations, cells with medium and without medium (dry) were irradiated. Parameters
a and S from the LQ-model are given for each linear-quadratic fit.

From Figure [24] it follows that incubated cells were able to form more colonies after
irradiation compared to cells that had been on room temperature for four hours. Dry
cells that had been incubated required a factor 1.38 more dose to reach 10% clono-
genic survival, this factor is 1.48 for the colonies where there was medium in the wells
during irradiation. Cells that were irradiated without medium (dry) in the well had a
higher surviving fraction than cells that had medium in the well. The factor between
dry and medium to reach 10% clonogenic survival is 1.04 for the incubated cells and
1.11 for the cells that had been on room temperature.
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Values for a and § in Figure do not correspond to values found by Cuaron et
al [66] and Howard et al [95], that both used U20S cells and 6-MV X-rays. Their
values are =0.1830 Gy~!, $=0.0332 Gy~2 and a=0.632 Gy~!, $=0.0.034 Gy 2 re-
spectively, compared to the a=0.24 Gy~! and 8=0.19 Gy~2 found in this study, for
the situation that is most similar to theirs (incubated / medium).
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5 Discussion

The polystyrene slabs of the sample-holder have a mean WET of 1.03 cm, the SEM
is 0.002 cm. For the calculations in this thesis a WET of 1.03 cm is used for all 10
mm slabs, with perfect uniformity. The density of 5 mm and 10 mm thick slabs is
1.04 g/cm?® and the density of 0.5 mm and 1 mm thick slabs is 1.06 g/cm3.

Absolute dose measurement with EBT3 film in the polystyrene phantom is 11% higher
than the delivered dose, where the measured dose in the RW3 phantom agrees with
the delivered dose within 1%. Based on this experiment it appears that the delivered
dose by the large homogeneous box plan to the polystyrene phantom is in the or-
der of 10% higher compared to the delivered dose to the RW3 phantom. The most
likely explanation for the elevated dose delivery in the polystyrene phantom is an
error in the process of using EBT3 film. It is possible that that particular film had
been wrongly oriented, as optical density measurements of EBT3 films is shown to be
orientation dependent|[96]. Since the elevated dose measurement in polystyrene is an
unexpected result, it is recommended that the experiment is repeated with multiple
films for multiple doses (at least 2 and 4 Gy).

Using the density that is calculated from the WET measurements it is possible to
calculate the range of a 70 MeV Bragg peak within a 0.5 mm accuracy with both
RayStation and TOPAS MC. The same experiment should be performed with higher
energies, to verify that range calculation also works at greater depths.

The depth dose calculation of a 70 MeV pencil beam by RayStation in Figure
loses its smoothness in the distal fall-off. Since the binning size in depth is 0.1 mm
and thus this is not the cause of the pointedness, it is assumed that this artifact is a
result of the pencil beam algorithm.

Normalized TOPAS central axis dose calculations and EBT3 film dose measurements
agree within 5%. The central axis dose calculated with RayStation does not agree
with the measurement points using EBT3 films. After extra scaling of the dose shown
in Figure 22] both the calculations of RayStation and TOPAS agree better with the
measured doses with EBT3 film. The TOPAS calculation also agrees everywhere
within 1% with the measured doses. The RayStation calculation agrees within 1%
in the plateau region and proximal part of the Bragg peak, but differs 20% from the
measured dose in the Bragg peak and over 100% in the distal fall-off. The results of
the pencil beam algorithm of an older version of RayStation (v4.0) have been proven
to be insufficient to calculate doses in heterogeneous media[97]. However, the target
used for dose calculations in this study was homogeneous. Even though the TOPAS
calculation agrees better with the measurement results, at this moment there is no
foundation to prove that either the TOPAS or RayStation calculation is more correct.
More calculations in both TOPAS and RayStation are needed as well as deepened
knowledge on the dose calculation methods used in RayStation.

The LET, value calculated for the position of cells in the plateau region of a 150
MeV field is 1.30 keV/um. The LET, value for the position of the cells in the Bragg
peak of a 90 MeV Bragg peak is 3.78 keV/um. Despite the fact that the modeled
geometry and beam parameters in TOPAS MC were simplified and limited, these
LET, values seem reasonable when compared to the literature[98].
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Although the results in Figure [23] are insignificant, the 0.45 Gy measurement points
show that cells that had no medium inside the wells during irradiation were able to
form more colonies than cells that did have medium inside the wells during irradiation.
This result can also be seen for X-ray irradiation in Figure[24] A possible explanation
for this is the fact that new medium is added after irradiation. The medium contains
nutrients and regulators that cells need for proliferation, when adding new medium
this generates a flow that replaces ’old’ and consumed medium for new medium full
of nutrients and regulators.

The o and S values found in this study do not correspond to values found in lit-
erature [66, 05]. The value for a found in this study is in between the two values
found in literature, but the value found for § is considerably higher than those found
in literature. This difference may come from the difference in X-ray energy that is
used to irradiate the samples. In literature 6 MV X-rays (LET; = 0.2 keV/pm [99])
are used where in this study 195 kV X-rays (LETy = 3.5 keV/um [I00]) are used.
The most obvious conclusion that can be drawn from Figure is that cells that
have been at room temperature for four hours suffered from considerably more cell
death than cells that were kept incubated. Cell death for cells at room temperature
was up to 5 times higher for doses of 1.82 Gy and higher compared to cells that had
been incubated. With this information, the fact that cells were not incubated for a
duration of five hours during the proton irradiation is a likely explanation for the low
cell survival numbers shown in figure Cells were transport by car from Rotter-
dam to Delft which can add up to the increased cell death because of temperature.
Because the results of irradiation in the Bragg peak vs plateau region are so limited,
the relation between RBE and LET, for protons could not be studied. The advise
is to perform future radiobiological experiments fully on-site when all equipment is
available. Cells should be cultivated and seeded in-house and be incubated at all
times (besides during irradiation).
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Appendices

Appendix A: List of abbreviations

Abbreviation Meaning

(D)DSB (DNA) Double Strand Break

EPR Electron Paramagnetic Resonance
LET Linear Energy Transfer

LETp Dose-averaged Linear Energy Transfer
Linac Linear accelarator

LQ Linear-Quadratic

PBS Pencil Beam Scanning

PS Passive Scattering

RBE Relative Biological Effectiveness
(SO)BP (Spread-Out) Bragg Peak
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