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Abstract

In radiotherapy, oxygen acts as strong radiosensitizer and alters cellular response
to radiation drastically. Especially, the effect of the so-called FLASH radiotherapy,
which applies high dose rates above 40 Gy/s to spare healthy tissue from radiation
damage, is influenced by oxygen. At high O, levels the protective effect of FLASH is
decreased in vivo. The underlying mechanisms are not completely understood yet.
In this thesis, oxygen effects were investigated on (i) a radiochemical level by oxy-
gen depletion measurements in water phantoms and together with cancer cells, (ii)
on a genetic level developing a novel analysis method on gene expression patterns
and (iii) on a mechanistic, radical scavenging level by modulating cellular defense.

It was found, that a popular hypothesis for explaining the FLASH effect, the oxygen
depletion hypothesis, cannot be solely responsible for the observed altered cellular
response after FLASH through radiation induced hypoxia alone. However, radical
concentrations are highly dependent on dose rate and beam pulse structure implying
potential biological impact. Radical scavenging systems in cells were found to be al-
tered using SOD-mimicking CuL/FeL compounds leading to a decrease of metastatic
potential. The results strengthen the link between FLASH effects and radical levels,
influenced by radical scavenging systems in cancer cells and oxygen conditions.

Zusammenfassung

Bei der Strahlentherapie wirkt Sauerstoff als starker Strahlensensibilisator und ver-
andert die zelluldre Reaktion auf Strahlung drastisch. Insbesondere die Wirkung der
sogenannten FLASH-Strahlentherapie, die mit hohen Dosisleistungen iiber 40 Gy/s
gesundes Gewebe vor Strahlenschdden bewahrt, wird durch Sauerstoff beeinflusst.
Bei hohen O,-Werten wird die Schutzwirkung von FLASH in vivo verringert. Die
zugrunde liegenden Mechanismen sind noch nicht vollstindig verstanden. In dieser
Arbeit wurden Sauerstoffeffekte (i) auf radiochemischer Ebene durch Sauerstoffde-
pletionsmessungen in Wasserphantomen und zusammen mit Krebszellen gemessen,
(ii) auf genetischer Ebene eine neuartige Analysemethode zu Genexpressionsmus-
tern entwickelt und (iii) auf Radikalfingerebene durch Modulation der Zellverteidi-
gung gemessen. Es wurde festgestellt, dass eine populare Hypothese zur Erklarung
des FLASH-Effekts, die Sauerstoffverarmungshypothese, die beobachtete veranderte
zellulare Reaktion nach FLASH nicht allein durch strahlungsinduzierte Hypoxie
erklaren kann. Radikalkonzentrationen sind jedoch stark abhidngig von Dosisleis-
tung und Strahlpulsstruktur, was potenzielle biologische Auswirkungen impliziert.
Es wurde festgestellt, dass Radikalfingersysteme in Zellen durch SOD-nachahmen-
de CuL/FeL-Verbindungen verandert werden, was zu einer Verringerung des Metas-
tasepotenzials fithrt. Die Ergebnisse belegen die Verbindung zwischen FLASH-Effek-
ten und Radikalkonzentrationen, die durch Radikalfdngersysteme in Krebszellen
und Sauerstoffbedingungen beeinflusst werden.
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CHAPTER

Introduction

Nothing in life is to be feared, it is only to be

understood.
— Marie Curie

With 17.0 million new cancer cases and 9.5 million cancer deaths worldwide in
20181, cancer is one of the most abundant diseases and often ends deadly. Cancer
treatment targets the malignant cells to induce a shrinkage of the cancerous tissue
with the aim to ideally remove the tumor. Common treatment techniques involve
different possibilities: Local treatment like surgery, or radiotherapy of the tumor, or
systemic therapies such as chemotherapy and immunotherapy. Often, a combina-
tion of different treatment forms is applied.

In radiotherapy, different techniques are available nowadays: The standard proce-
dure is irradiation with photons or electrons; newer techniques also involve the
radiotherapy with protons or heavier charged ions such as *He?* or 12C%*2. Cur-
rent research focuses hereby on irradiation at ultra-high dose rates (so called FLASH
irradiation), or irradiation with mini- and microbeams. FLASH is defined as radio-
therapy using dose rates higher than 40 Gy/s with the dose rate of single beam pulses
reaching more than 10° Gy/s>. Both FLASH radiation and mini-/microbeams show
a comparable tumor response as conventional radiotherapy while side effects are
reduced and healthy tissue is optimally spared. These techniques are still under de-
velopment, but show promising results in first clinical studies.

In all forms of radiation therapy, the presence or absence of oxygen in the target vol-
ume plays a critical role as oxygen works as an important radiosensitizer*>. How-
ever, the exact mechanisms of the interplay of oxygen and radiation are not fully
understood, which is of special importance in explaining mechanisms suitable for
understanding FLASH effects. One part of the interplay of oxygen and radiation is
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based on radiolytic chemical yields and their impact on cellular material. Another
crucial part is the cell’s response system, in form of radical scavengers and DNA
repair mechanisms.

In this thesis, the aim was to investigate oxygen effects from three different per-
spectives: (i) on a radiochemical level performing oxygen measurements in water
phantoms with respect to potential changes in oxygen abundance due to irradia-
tion with photons, protons and 12C jons at FLASH dose rates; (ii) on a genetic level,
where differences in the cells’ genetic fingerprints were compared between photon-
treatment and non-treatment for oxygen levels of the cells of 0.6 % O, and 21% O,
and (iii) on a mechanistic, molecular level, where scavenging systems of Reactive
Oxygen Species (ROS) were mimicked by metal compounds and the impact of these
compounds were tested on cancer cells during radiation with respect to the cells’
ability to form metastasis. In addition, the impact of beam pulse structures in pro-
ton FLASH beams was investigated in water phantoms and feasibility studies were
conducted of joined oxygen measurements in cellular samples. Each of the three
aspects i) - iii) have been published in peer reviewed journals and are reprinted in
this cumulative thesis as Publications I - IIT in Chapter 4. Additional work is shown
in Appendix A.1, B.1 and B.2.

In the course of this thesis, special focus will be given to FLASH related O, mech-
anisms and cellular response mechanisms. Hence, Chapter 2 will describe the the-
oretical background of physical radiation processes and provides radiobiological
basics. Chapter 3 gives an overview on the state-of-the-art of FLASH research
and oxygen-based radiolytic processes.The publications that were developed in the
course of this dissertation are presented in Chapter 4 and a discussion and summary
follows in Chapter 5 and 6.



CHAPTER

Theoretical Background

This thesis investigates the role of oxygen in radiotherapy and focuses deeply on
oxygen effects in FLASH radiotherapy. To provide a theoretical background, the
aspects of interaction and production of radiation will be described in this chapter,
Section 2.1, with a special focus given on the production of FLASH-suitable radia-
tion. The fundamentals of cell structures, as target of radiation in Publication IT and
111, will be described on a genetic, biochemical and mechanistical level and concepts
of radiobiology will be presented in Section 2.2. In both FLASH and conventional ra-
diotherapy, oxygen plays a major role as a radiosensitizer, which will be investigated
in detail in all publications in this thesis. As a fundamental background, the role of
oxygen in cells will be described in Section 2.3 and knowledge about oxygen-related
biochemical processes in cells will be provided.

2.1 Physical Background

In this section, the physical concepts of ionizing radiation and its interaction with
matter will be described. A special focus will lie on the production of ionizing radi-
ation at conventional and ultra-high dose rates and the challenges of dosimetry at
high dose rates.

2.1.1 Interaction of Ionizing Radiation with Matter

Tumor treatment is usually done by irradiation with photons, electrons or heavy
ions of an energy high enough to reach tumors inside a human body. The beam
types are different with respect to their physical impact onto the irradiated target.
The following section is based on Schlegel and Bille (2002)°.
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Photons

The energy range of photons used in clinical radiotherapy is around 4-6 MeV, while
X-ray tubes used for research usually operate at around 220 keV. Depending on the
energy of the photon beam, photons will either be absorbed by the target material,
or they will be scattered. In all cases, the intensity I of a photon beam decreases
exponentially with increasing depth d within an irradiated target. This process is
described by the Lambert-Beer-Law:

1(d) = Iye ™4, (2.1)

where, the attenuation coefficient p is given in units é

Three main processes can occur in the interaction of photons with the target ma-
terial: the photo-electrical effect, the Compton effect and pair production. In the
following, the photo-electrical effect and the Compton effect will be described, as
they are the dominant processes at the energy ranges used in radiotherapy.

Photo-electrical Effect

In the photo-electrical effect, the incoming photon gets completely absorbed by an
inner shell electron of a target atom. If the energy of the photon is larger than the
binding energy of the electron, the electron gets released from the atom, leaving a
positively charged atom. The kinetic energy of the released electron Ej;, is hence
described by the difference between the photon energy E and the binding energy

Ebindin g

Eyin = Ey - Ebinding (2.2)

With increasing energy, the photo-electrical effect dominates less and the Compton
effect gains in relevance.

Compton Effect

The Compton effect is dominant for photon energies around 0.01 - 100 MeV 7. It
describes the inelastic scattering of a photon at a loosely bound electron. Since the
photon is not absorbed in this effect, the resulting kinetic energy of the electron is

described by:

Eyin = Ey - E’y’ - Ebinding (2.3)
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E. s describes the energy of the photon after interaction with the target atom. E./
depends on the initial photon energy E-, the angle « of the scattered photon and
the rest energy of the electron E;:

(2.4)

Charged Particles

When charged particles like electrons, protons and heavier ions are passing a tar-
get, their electrical field interacts elastically or inelastically with shell electrons of
the target or with the coulomb field of the nuclei. Also, direct, inelastic nuclear in-
teractions with the nucleons are possible. The stopping power of charged particles
is hence the sum of the collision stopping power and the radiative stopping power.
For electrons, the radiative stopping power is dominant.

The collision stopping power is given by the energy loss dE due to inelastic colli-
sions per path length dx.

The energy loss of heavier charged particles like protons and heavier ions was ini-
tially described by Hans Bethe® and updated by the Particle Data Group to the fol-
lowing:

dE _ 2 2221 (1 2mec?3%y* Winax 2 0(B)
- PATN T, Mec®z A7 <2 In ( 72 15 5 (2.5)

g—fg describes the mass stopping power of the projectile, p is the target’s density, Ny
is the Avogadro’s constant, r, describes the (classical) electron radius, z is the charge
number of the projectile, Z the atomic number of the target and A the atomic mass
of the target. The maximum possible energy transfer to an electron in a single col-
lision is described by Wpax. I describes the mean excitation energy. The J-term
describes density effect corrections to the energy loss due to ionization.

The Bethe-formula (Equation 2.5) is valid if it holds for the particle’s energy: 0.1 <
B~y < 1000. In case of z = 1 (i.e. a proton), the proton energy should be higher than
10 MeV for the energy loss to be described by the formula®.

Dose

The interaction of charged or uncharged particles or photons with matter causes
energy absorption in the material. The absorbed energy dE per unit mass dm is
described as dose D:



6 CHAPTER 2. THEORETICAL BACKGROUND

dE

D=—,
dm

(2.6)

given in the unit Gray (Gy), which equals J/kg.

If energy is absorbed from charged particles, the energy is transferred via direct ion-
izations. For photons however, energy contributing to dose is transferred via sec-
ondary electrons stemming from initial ionizations caused by the photons. There-
fore, depth-dose curves of photons show a strong build-up effect, as secondary elec-
trons produced in different penetration depths are needed until the maximal dose is
reached. At the point of maximal dose, a charged particle equilibrium exists, where
the number of secondary electrons produced equals the number of absorbed elec-
trons. Higher photon beam energies lead to a build-up-effect in deeper layers of the
target. For ion radiation, dose is applied directly through direct ionizations from the
primary beam. Hence, no build-up is visible. According to Bethe-Bloch’s Formula,
energy loss increases for decreasing particle velocity. Hence, most dose is delivered
only when particles stop, in the so-called Bragg peak.

Physically, dose can be described as follows:

S dN

S
D:/dES(E)pq>E=—-<I>=—-—, (2.7)
p p dAy

where S describes the mass stopping power (also often referred to as —%), p is the
material’s density and C&% describes the amount of particles per area perpendicular
to the beam.

The physical dose depends only on the beam’s energy and the absorber material.
However, in biological and clinical studies, not only the target material is crucial for
determining the dose. Instead, the ability of a cell or an organ to repair is taken into
account as well. In addition, the same physical dose can cause large differences in
cell response, depending on the beam’s Linear Energy Transfer (LET) (see Section
2.1.1), leading to a measurable difference described by Relative Biological Effective-
ness (RBE) (see Section 2.2.4).

Linear Energy Transfer

Ionizing radiation creates electrons around the incoming particle’s track. The amount
of energy loss, caused by collision, per path length can be described by the LET. Only

energy transfers below a threshold energy A are taken into account, which occur

within the range of electrons with energy A around the particle’s track:
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dE
LETA = (d—> . (2.8)
A

X

Usually, for determining the LET of a charged particle, all energies of secondary
electrons are taken into account, hence A — oc. Then, the LET is equal to the
collision stopping power.

Typical LET values of radiation used in this thesis are shown in Table 2.1. The im-
plications of LET on biological tissue in radiotherapy will be discussed in Section
2.2.4.

Radiation Energy LETyy,0 in keV/pm

X-ray 225kV 1.7
e 30 MeV 0.27
p 224MeV  0.42
p 35 MeV 1.65
12¢ 400 MeV/u 10.89
12¢ 150 Mev/u  19.47

Table 2.1: Overview on beam energies and corresponding LETs for energies used
within this thesis.

2.1.2 Generation of Ionizing Radiation at Conventional and
Ultra-High Dose Rates

In the course of this thesis, irradiation at high and ultra high dose rates plays a ma-
jor role. In the following, the production of ionizing radiation in general and the
generation of ultra-high dose rates will be explained.

For clinical relevance, radiation of any kind has to have an energy high enough to
have a sufficient range inside a patient; the required penetration depths range from
several mm until 30 cm. To obtain this range, X-rays or electrons of 6 - 25 MeV are
used. For protons, 30 cm depth are reached when accelerating the protons up to
220 MeV and '2C up to 425 MeV/u.

X-rays

X-rays suitable for clinical appliance or laboratory purpose are typically generated
using a linear accelerator (Linac) in which electrons are accelerated. These electrons
hit a target, usually of high atomic number Z like tungsten, where they get slowed
down by the Coulomb field of the target atoms and shell electrons. During that
process, bremsstrahlung is released showing a continuous energy spectrum. The
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minimal emitted wavelength A i, is reached when the kinetic energy E;, of the
electron is converted completely. Together with the acceleration voltage U, Ey;, is
given by:

c h-c

Exin=e-U=h- = Amin = U (2.9)

)‘min
Here e is the electron’s charge, ¢ the speed of light and h the Planck constant. In
addition to the continuous bremsstrahlung, radiation with discrete energies can be
emitted if the electrons directly ionize a target atom. This electron-"hole” is filled by
an electron of a higher shell, emitting radiation with a discrecte energy.

In clinical Linacs, radiation of 6-25 MeV is used, at a dose rate of around 2 Gy/min. 10
To obtain higher dose rates, it is possible to make use of the usually cone-shaped
photon beam: closer distances to the source lead to an increased dose rate, since the
dose rate decreases with 1/r, r being the distance to the source. This technique was

used in Publication I and is described in detail there.

Electrons

To generate electron radiation, the same systems can be used as for generation of
X-rays, but the tungsten target can be removed. Hence, the electrons are acceler-
ated directly and can be released onto the patient. If the linear accelerator allows for
changing the acceleration parameters, high dose rates of electrons can be generated
also in clinical linacs by changing beam parameters like the pulse width or pulse
frequency 1112,

In this thesis, electrons of ultra-high dose rates were generated at the ELBE acceler-
ator, Dresden '3. ELBE is known for its supraconducting high-frequency resonators
which are able to generate continuous electrical fields of up to 30 MV/m. With the
resonators at ELBE, it is possible to accelerate electrons in a quasi-continuous wave
mode and to generate high currents of an energy up to 40 MeV 4. The pulse repeti-
tion rates can be set flexibly. Hence, ELBE is a very suitable accelerator for FLASH
studies in vitro, as it allows for various currents and pulse repetition rates which

allow for studying multiple dose rate setting (see Appendix A.1).

Ions in Synchrotrons and Cyclotrons

For clinical use, ions need to be accelerated to high energies of up to 220 MeV for
protons and 425 MeV/u for carbon ions to ensure sufficient penetration depth of
around 30 cm in a patient. These high energies are easier to generate in circular ac-
celerators like cyclotrons and synchrotrons because the particles can pass the same
acceleration modules repeatedly, gaining velocity each time they pass the acceler-
ation modules. For heavier ions such as helium and carbon ions, synchrotrons are
better suited than cyclotrons due to their larger radius being proportional to the
charge-to-mass ratio g/m, which is half the size for protons).



2.2. RADIOBIOLOGY 9

For protons, cyclotrons are often used in clinical practice due to their compact con-
struction compared to synchrotrons. Robust high dose rates are achievable with
cyclotrons, as their beam delivery is continuous, allowing for large doses at high
dose rates. Regarding high dose rate experiments, recent publication discussed the
feasibility of achieving high dose rates with carbon ions in synchrotrons!>. Here,
the challenge in achieving high dose rates is the acceleration, which is done in cycles
of at least 1-251°. Delivering the beam over more than one cycle would decrease
the average dose rate drastically. In order to generate a high average dose rate, it
is therefore necessary to extract the particles needed within one cycle. This limits
the maximal achievable dose with synchrotrons under FLASH conditions. How-
ever, FLASH dose rates were recently obtained in Helium-FLASH beams from syn-

chrotrons!’.

Laser accelerated protons

A special subgroup of proton irradiation with ultra-high dose rates is the irradiation
with laser-accelerated protons. This technique became popular over the last decade
as it allows for dose rates of more than 10'! Gy/s!® while maintaining a very short
acceleration length of a few micrometers . Laser-accelerated protons are generated
by a powerful laser of several PW power or higher shooting onto a solid target,
typically a thin foil. In this shot, relativistic electrons are produced which create a
strong plasma on the foil’s surface. This causes an acceleration of protons existing on
the target?? via Target Normal Sheath Acceleration (TNSA). The energy spectrum
of the particles can be sharpened quadrupol magnets or with solenoid coils with a
distinct magnetic field in the order of several Tesla field strength?!. At the DRACO
laser in Dresden, Germany, up to 25 Gy per shot were available up to a dose rate of
10° Gy/s. This set up was applied in in vitro experiments in Appendix B.1.

2.2 Radiobiology

In this section, the basics of radiobiology will be described with respect to the struc-
ture of cells, the different stages of cells during the course of their cell cycle and
its implication in radiotherapy. Furthermore, DeoxyriboNucleic Acid (DNA) repair
mechanisms will be explained.

2.2.1 The Cell - Target of Radiation

Mammalian cells are the main target of radiotherapy. In the following, the struc-
ture of mammalian cells will be described and a schematic picture can be found in
Figure 2.1: Cells are surrounded by a double-lipid layer membrane. Inside, different
membranes subdivide the cell into compartments; these compartments are called
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Figure 2.1: Structure of a mammalian cell. 1: Nucleolus, 2: Nucleus, 3: Ribosomes,
4: Vesicle, 5: Rough ER, 6: Golgi apparatus, 7: Cytoskeleton, 8: Smooth ER, 9: Mi-
tochondrion, 10: Vacuole, 11: Cytosol, 12: Lysosome, 13: Centriole, 14: Cell mem-

brane. Taken from %2

organelles. The most important organelle for radiotherapy is the nucleus, where the
DNA is located: The nucleus has a double-membrane layer which contains pores.
The inside of the nucleus contains chromatin and the nucleolus: Chromatin is a
combination of DNA and proteins and is the material chromosomes consist of. The
nucleolus is an organelle responsible for ribosome production. On the outside of
the nuclear membrane, the Endoplasmatic Reticulum (ER) is made of a continuous
membrane network which can be distinguished in two types: the smooth and the
rough ER. The smooth ER cisternae are mainly involved in lipid biosynthesis, which
are used to produce new membranes. In contrast, the rough ER is so called due the
presence of ribosomes on the outer surface. It is connected with the outer nuclear
membrane and it is the site for the synthesis, folding and modification of specific
proteins.

Other important organelles to mention are the mitochondrion, where adenosin triphos-
phate (ATP) is built. In that function, mitochondrion is the energy supplier of the
cell. The peroxisome is an organelle where oxidation reaction of fatty acids and
aminoacids occur. In these processes, H,O, is produced, and gets transformed to
H,O via the enzyme catalase.
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Cell Cycle

Proliferating cells go through different phases during their division cycle: After mi-
tosis, cells enter the G1 phase, in which the cells grow in size. Organelles and en-
zymes that are needed for DNA synthesis are built up. During the G1-phase, the
DNA only appears in one copy. After the G1 phase, the S phase begins, in which
DNA is replicated. In addition, proteins are built up that are required for DNA struc-
turing. In the G2 phase, which begins after the S phase, the cell begins to prepare
for mitosis, the cell division phase. During mitosis (= M phase) the cell divides into
two daughter cells. In this last phase, akk the cellular components, including the
genetic material, are distributed in the newly formed cells.

The cell cycle length depends on the type of tissue and takes usually 1-2 days.
Hereby, the longest cell cycle phase is G1. Hence, in a heterogeneous culture, most
cells are in G1 phase (see Figure 2.2 a). In cancer cells, proliferation can take less
time since the checkpoints in G1 phase tend to be deactivated?3. Checkpoints can be
activated between all phases, in order to check the integrity of the cell. In the event
of errors which cannot be fixes, apoptosis can take place. In terms of radio-damage,
a critical checkpoint is located in the G2 / M transition, which detects radiation-
induced damage and delays the cell cycle to ensure that DNA repair occurs before
the mitosis begins. Due to this checkpoint, cells "stop” in the G2/M phase after ir-
radiation for a while depending on the extent of the damage and the cell type (see
Figure 2.2 b).

DNA

Inside the cell nucleus, the chromosomes are located, which consist of a chromatin
fiber. The chromatin fiber consists of DNA wrapped around histones in the nucle-
osomes. The building blocks of the DNA are the nucleotides, made of a base bound
to a phosphate-deoxyribose-molecule. There are four types of bases: Adenine (A),
Cytosine (C), Guanine (G) and Thymine (T). Hereby, A and G are called "purines”
and T and C are called "pyrimidines”. Via the amino group (NH), A and T form
two hydrogen bonds with each other, and G and C form three (see Figure 2.3). Each
of the bases is connected to a molecule of deoxyribose which is bound to a phos-
phate group itself. In Figure 2.3, this is symbolized by "R”. Altogether, the base pairs
and the phosphate-backbone form the DNA molecule, which has a width of around
2 nm.

2.2.2 DNA damage and DNA repair



12 CHAPTER 2. THEORETICAL BACKGROUND

150 150
100 - 100 -
= EE
= =
o =]
o o
50 50

0 0
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
PI-A 105 PI-A 105
(a) Cell cycle distribution, normal culture. (b) Cell cycle distribution, after irradia-
tion. Relative to the G1 peak, G2 became
larger.

Figure 2.2: Cell cycle analysis of T24 cells using Flow Cytometry Analysis (FACS):
Histogram of DNA content with typically two peaks: First peak (= one DNA repli-
cate) indicates G1 phase. Second peak (= two DNA replica) indicates G2/M phase.
The histogram entries between the two peaks indicate the S phase, where the second
copy of DNA is getting synthesized. (a): normal, heterogeneous cell culture, where
most cells are in G1 phase. (b) after irradiation: cells accumulate in G2/M.

DNA damage

In order to understand DNA damage caused by ionizing irradiation, different timescales
have to be considered. When a cell is hit by radiation, radiation energy is absorbed
in ionization or excitation events of the molecules present in the cell. In particular,
when the DNA is hit directly by ionizing radiation, Single Strand Break (SSB)s or
Double Strand Break (DSB)s can occur. These are damages to the sugar-phosphate
backbone of the DNA molecule. Also, an indirect type of radiation damage is pos-
sible. In fact, the most abundant molecule in cells, H,O, can be ionized or excited:

H,0 — = H,0™ + e (2.10)
e +nHy,0 — ey (2.11)
H,0 ——~ H,0’ (2.12)
H,0' — H' + OH' (2.13)
0O, + €q 0, (2.14)

These initial ionization or excitation events are assigned to the physical and physio-
chemical stage, which lasts typically 1071° s and 10™!2s, respectively?*. Thereby,
excited water molecules can be generated, which subsequently undergo radiolytic
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Adenine (A)

Guanine (G) Cytosine (C)

Figure 2.3: Chemical structure of the base pairs thymine-adenine and guanine-
cytosine. A-T are connected via two hydrogen bonds, whereas C-G are connected
via three hydrogen bonds.

processes, leading to a variety of different radicals. Further details on radiolysis of
water including oxygen effects will be explained in Section 3.1.3.
The most important ROS including radicals and non-radical species causing DNA

damage are O, ", HyO,, OH" and the water-solvated electron e,
are built during the chemical phase which happens 10712 — 107 s after irradiation

. These radicals

starts. The chemical phase is then followed by the biological phase, which is cru-
cial for DNA damage. The aforementioned ROS O, ~, H,O,, OH" and ea_q are usually
scavenged by cell-internal scavenging systems (see Section 2.3.1) but if the scaveng-
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ing systems are saturated, a condition called oxidative stress can be established. in
this context, the excess of radicals can interact with the DNA itself and cause DNA
damage. Hereby, OH" radicals can destroy the hydrogen bonds between the DNA
bases (see Figure 2.3), or a direct reaction between OH" and the pyrimidines cyto-
sine or thymine can occur. Subsequently, radicals of pyrimidine are produced which
can further react with oxygen thus inducing the formation of thyminglycol (TG), a
highly toxic base modification 2>

Furthermore, reactive oxygen species can lead to SSBs/DSBs. In this case, the des-
oxyribose reacts with, among other radicals, OH" causing desoxyribose radicals?’.
This is most likely to happen locally in the hydrate shell of the DNA, as OH" cannot
diffuse far due to their high reactivity 8. H,0, instead has a longer life time and can
also be damaging to the DNA, although being less reactive than OH".

The deoxyribose is likely to be damaged by irradiation in a ways that O, is either
uptaken, or released. Additionally, O, can be released and further converted to O,
or H,0, by the later mentioned mechanisms (see Section 2.3.1) involving Superox-
ide Dismutase (SOD) and Catalase (CAT) enzymes?%3?. DNA damage can also be
produced by the formation of peroxyl radicals (ROO"), stemming from lipids in the
phospholipid membranes. Although not present close to the DNA, these radicals
can still be harmful due to their relatively long life-times of more than 103132 R
radicals react with O, to form ROO". However, this does not apply to purine-base-
derived radicals33. Electron holes generated by radicals on the DNA-backbone can
undergo charge-transport, causing DNA-base-damage eventually>*.

Typically, X-ray radiation of 1 Gy causes around 1000 SSBs and base damages but
only 30-40 DSBs per cell?®. Increasing LET leads to a higher number of DSBs>°,
caused by a higher number of OH™ radicals. Also, the number of DSBs as a function
of dose is highly linear for doses between 1 mGy and 100 Gy3®. DSBs are critical for
the DNA, as DSB repair is much more complex than the repair of SSBs. Therefore,
DSBs are seen as the main reason for radiation induced cell death.

DNA repair

DSBs typically involve damages to both ends of the desoxyribose backbone, loss of
base pairs and hence unmatching strands. For the repair of these damages, three
main repair pathways are available: The Non-Homologous End Joining (NHE]), Ho-
mologous Recombination (HR) and Microhomology-Mediated End Joining (MME]).
NHE] works as a rapid repair technique in which two free ends of DNA are joined
and processed in order to remove damaged bases before combining the two strands
into their original DNA strucure3’. In contrast to other DNA repair mechanisms,
this method is accessible in all phases of the cell cycle, providing a quick and com-

plete repair. However, this method is error prone and can lead to mutations 3837,
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HR is present in the late S phase and the G2 phase, as it needs duplicated DNA for
repairing: HR can repair DSBs by cutting the 5’ ends of the damages strand*’. The
leftover, 3’ end of the sister chromatid serves as a blueprint for synthezising parts
of the genome nucletide sequences. HR is a lot more accurate that NHE], but takes
longer and is not permanently present throughput cell cycle. From a DNA-damage
point of view, this is the reason for a higher cell survival at late S phase and G2
phase.

MME] is a mechanism used as backup-repair process and is of only minor impor-
tance. MME] uses both DSB ends to match DNA in short sections of around 10
base pairs. The advantage of MME] is its speed and flexibility; however, it is error
prone*!.

Cells with DSBs tend to stop their cell cycle in the G2 phase to allow for more repair
time*2. Despite all repair mechanisms, cells still tend to fail repairing all damage,
leading to apoptosis and cell death.

2.2.3 Linear Quadratic Model

The effect of ionizing radiation onto in vitro cell culture can be measured by deter-
mining the amount of cells which survived a given amount of dose and were able to
build a colony 5-10 days after irradiation. This number of colony building cells is a
fraction of the initial number of cells, and is hence described by the survival fraction
SF*3. The most common model to describe cellular survival of in vitro experiments
is the Linear Quadratic Model (LQM), where the survival fraction SF is given as a
function of dose d by:

SF = ¢-ad-pd’ (2.15)

with a and [ as empirical parameters. Accordingly to the exponent, « is given in
unit GLy and [ in é, respectively. On a logarithmic scale, the a-term leads to a
linear shape and the [-term to a quadratic shape. The LQM has an empirical basis,
i.e. the meaning of the parameters o and 3 are not derived from any other theory.
However, various studies have shown, that the a-term correlates with single-strand-
breaks of the DNA and the [-term correlates with double-strand-breaks. Addition-
ally, the % ratio depends on many factors such as radiation type (LET), oxygenation

status of the cells, dose rate44, temperature and cell cycle phase. However, it is not
possible to fully parameterize these effects into the LQM*. Figure 2.4 shows exem-
plarily two survival curves with different % ratios. The LQM is only valid for doses
up to ~10 Gy; for doses exceeding this level, the LQM systematically underestimates
the survival.
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Figure 2.4: LQM for different /3 values. A high a/f3 value either indicate a stronger
repair capability of the cells, or less damage at similar doses due to low-LET radia-
tion, hypoxia, or other causes.

2.2.4 Relative Biological Effectiveness

The effect of radiation on cells is strongly influenced by the beam’s LET. This is due
to complex changes in radical production depending on LET (see Section 3.1.3 and
3.1.2) and hence complex changes in DNA damage. To quantify this effect on a cell
survival level following the LQM, the quantity of RBE has been defined. Typically,
low-LET radiation is used for reference, like 250 kV X-rays or ®*Co-vy-rays with 1.17-
1.33 MeV. RBE is then defined as the ratio between the doses d that are needed for the
reference radiation and the radiation of interest to reach the same survival fraction
SF in a cell culture (see Equation 2.2.4).

Since « and 3 are the only free parameters in the LQM, they depend empirically on
the type of irradiation. In the stated formula, the index ~y describes the dependence of
a and [ on photon radiation whereas ir represents the dependence on the radiation
of interest.

dy(SF) /)~ InSF-ay g, 016

RBE(SF) = =
dir(SF) \/alzr 4By InSF - ay P

An interesting aspect of RBE is its dependence on LET: RBE increases with LET,
peaks around 100-200 keV/pm and decreases for higher LET. This phenomenon is
referred to as “overkill-effect”.
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2.2.5 Oxygen Enhancement Ratio

The level of molecular oxygen (ie. O,) in cells affects directly the cells’ radio-
sensitivity, leading to increased survival for decreased O,-levels. Phenomenolog-
ically, this effect can be described by the Oxygen Enhancement Ratio (OER), which
is defined as the ratio of the doses d needed for two different in vitro cell cultures
with different oxygen levels p(O,) to reach the same biological endpoint (e.g. sur-
vival fraction SF). As a derivation from the LQM, the OER can be described as 46,

d(p(02), SF) _ \/a*(p(02)) - 45(p(02)) In SF — a(p(O2)) B

d(SF) Va? —431nSF - o " B(p(02))

(2.17)
The reason for this observed difference is most likely a combination of altered DNA-

OER(SF) =

repair mechanisms in hypoxia, but also a changed production of radiation-induced
radicals in the cytoplasm: DNA-damaging radicals are produced during radiolysis
and their abundance is highly dependent on oxygen levels (see Section 3.1.3). Inter-
estingly, the OER is also highly LET dependent: For low LET radiation and p(O,) = 0,
the OER is around 2.7, whereas it reaches a value of 1 for high LET radiation?”. Tt
is known from simulation studies of radiolysis in water, that the beam’s LET has a
high impact on radical production, leading to less O, dependent radical production
for higher LETs *8. This implies, that the observed differences in OER as a function

of LET are mostly of radiolytic nature.

Another approach to describe the OER was given by Alper and Howard-Flanders
in 1956, where they described the oxygen-dependent radio-sensitivity in photon
radiation with the shape of a Michaelis-Menten-kinetic *°:

SF m-p(0,) + K

SFy  p(Oy) +K (2.18)

where SF indicates the survival fraction under normoxic conditions, SFy; is the sur-
vival fraction in complete hypoxia (i.e. p(O,) = 0 %) and p(O,) again the oxygen per-
centage. K and m are constants. m was observed to fit well with a value of around
2.7 which can be interpreted nowadays as the maximum OER value possible.

2.3 Oxygen - Its Role in Tumor Cells and Hypoxia
as a Special Case

Besides oxygen acting as a radio-sensitizer, it plays a critical role in cellular respira-
tion, in which glucose (C4H;,0) gets oxidized to carbon dioxide (CO,) and oxygen
(O,) gets reduced to water (H,0), via glycolysis and the citric acid cycle. The brutto
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equation for the amount of oxygen being consumed is given by:

The produced energy is then used for the synthesis of Adenosine Triphosphate
(ATP), a molecule which is highly involved in many energy-using cellular processes.
If not enough oxygen is available in the cells, anaerobic cellular respiration becomes
more dominant, leading to lactic acid as end product.

In physiological oxygen conditions, the so-called physoxia, the oxygen partial pres-
sure lays between 3 % and 7.4 %°°, depending on the tissue type. Lung alveoli cells
show higher levels of oxygen of around 13.5 %, due to their direct exposure to air
with 21% O,. In in vitro experiments, a level of 21 % O, is referred to as normoxic.

In both in vivo and in vitro experiments, a level below 3 % O, is called hypoxia®°.

Hypoxic regions within a tumor can occur due to increased cell proliferation and
a simultaneously reduced vascular architecture, which leads to an under-supply of
oxygen>!. Hereby, a distinction is made in acute and chronic hypoxia. Chronic hy-
poxia occurs in tumors, if the diffusion of oxygen is limited and it can last several
hours up to days>%°3. In contrast, acute hypoxia is a shorter, more temporal state>*.
As stated above, the absence of oxygen has a high impact on the cells’ ability to gen-
erate ATP, as it forces the cell into anaerobic metabolic processes. In cancer cells, it
was observed that the cellular metabolism is mainly anaerobic, even if enough oxy-
gen is available to provide aerobic respiration. This effect is referred to as Warburg-
effect, named after Otto Warburg, who describes this phenomenon for the first time
in 1920. He called the observed effect “aerobic glycolysis”. Cells in this state have
a highly inefficient energy metabolism, leading to the typically observed enlarged
glucose metabolism of cancer cells. Since glycolysis-related substances like pyru-
vate or lactate are also present in radical scavenging processes, cancer cells show
different radio-response already based on their metabolism>.

On a genetic and functional level, cellular response to hypoxia is coordinated via
activation of the transciption factor Hypoxia-inducible Factor 1 (HIF1), encoded by
the corresponding gene HIF1. An upregulation of HIF1 causes upregulation of sev-
eral other genes responsible for increased survival under hypoxic conditions. Genes
affected by hypoxia are, first of all, genes involved in metabolic pathways but also
in DNA repair pathways such as HR and NHEJ>’. Hence, the understanding of the
hypoxic state of cells is of critical importance as hypoxic cells behave systematically
different under irradiation when compared to their normoxic counterparts, leading
to a highly increased radio-resistance by a factor of 2-3 (see Section 2.2.5).
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2.3.1 ROS Abundance and Cellular ROS Scavenging Systems

For the understanding of oxygen-related cellular processes leading to altered ra-
dioresponse, the following section will cover the role of ROS. ROS, from a chemical
point of view, are highly reactive species stemming from O,, like superoxide (O, "),
peroxides (R,0,), hydroperoxyl (HO,), hydroxyl (OH") or singlet oxygen (O, at low-
est excited state, with all electrons being spin paired).

ROS can be generated by various reactions, e.g. as byproducts of cellular metabolic
mechanisms, or through radiolysis of the cytoplasmic water (see Section 3.1.3). Due
to ROS’ high reactivity, they can cause macromolecular damages being harmful to
cells. Therefore, cells have various ROS scavenging systems to protect themselves.
In the following, the production and elimination of two important ROS, superox-
ide (O, ") and hydrogenperoxide (H,0,) will be described. O, is formed due to
the reaction of O, with another electron. O, comes naturally with two unpaired
electrons, leaving the superoxide O, with one unpaired electron and negative net
charge (see Equation 2.20). In cells, superoxide is processed to O, and H,0, through
dismutation via the SOD-enzyme (see Equation 2.21).

€aq+ 0y — O5” (2.20)

0O

20, + 20" 9P 1,0, + O, (2.21)

Hereby, three kinds of SOD exist in eukaryotic cells, each of the SOD enzymes being
able to bind to a metal co-factor: Cu,ZnSOD (encoded by the gene SOD1), MnSOD
(encoded by SOD2) and extracellular Cu,ZnSOD (SOD3)°%. Cu,ZnSOD is located in
the cytosol, whereas MnSOD is located in mitochondria and peroxisomes. However,
Cu,ZnSOD can also relocate into the nucleus?”.

Since the produced H,0, is highly toxic to cells, H,O, is then further processed via
either CAT or by means of Glutathione (GSH) via Glutathione Peroxidase (GPX)

enzymes to H,O and O,:

CAT

2H,0, 0, + 2H,0 (2.22)

GPX

2 GSH + H,0, GSSG + 2H,0 (2.23)

In humans, CAT consists of 4 sub-units, each containing a hem-group and a NADPH
binding site®®. CAT is one of the fastest enzymes present.

GPX are a family of enzymes with the ability to reduce hydroperoxides (i.e. molecules
of the form ROOR") in general, but also H,0, as a special case. It is hence not as
specific as CAT regarding H,O, reduction to water.

The radical and antioxidant scavenging enzymes CAT, SOD and GPX play a crucial
role in cells’ ROS defense.
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3.1 FLASH Radiotherapy - A New Treatment

In radiotherapy, in general, the aim is to irradiate a tumor to kill cancerous cells or
to induce arrest of cell division. These treatments are done by either using photon,
electron, proton or heavier ion radiation, including a usually fractionated radiation
scheme of around 2 Gy applied per fraction and the dose being delivered at a rate of
around 0.05-0.40 Gy/s®!. These treatment plans are typically optimized in order to
achieve maximal tumor control probability while simultaneously keeping healthy
tissue complications as low as possible.

In 1966, first experiments were conducted at high dose rates. Hereby, it was unex-
pectedly found, that mice showed less killing when irradiated with X-rays at high
dose rates of 500 Gy/min 62 In 2014, Favaudon et al. established the technique of ir-
radiating at high dose rates (= FLASH irradiation) on lung cancer tissue using 15 Gy
of very high pulse dose rates of 10® - 107 Gy/s and average dose rate of around
40 Gy/s using electron beams®?. Interestingly, it could be observed that FLASH ra-
diation increased the survival of healthy tissue but gave similar tumor control re-
sults, when compared to conventional radiotherapy. This behavior of protecting
the healthy tissue has been since referred to as "FLASH effect”. This FLASH effect
was also observed in other animal irradiation, for example in minipigs®*, zebrafish
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embryos®> and lately even in humans®®.

From the findings so far, it can be conducted, that FLASH radiotherapy has the
potential to open the therapeutic window as it increases the differential effect of
radiation onto healthy and cancerous tissue. Therefore, FLASH radiotherapy has
been intensively investigated during the last years. However, the underlying mech-
anisms for the FLASH effect are not entirely understood yet. So far, it is known,
that FLASH-effects are highly oxygen-dependent in both in vivo and cell culture ex-
periments. It has been observed that cells with high O, levels, i.e. 21 % O,, showed
almost no altered response between FLASH and conventional radiotherapy. The
same applies to cells with anoxia, i.e. 0% O,. In both cases, FLASH and conven-
tional radiotherapy lead to the same response®’. Only for an intermediate range of
low, but not too low O,, FLASH irradiation seemed to make a difference 68 In-vivo,
it was shown that FLASH effects in mice treatment vanished when mice breathed
carbogen®’, supporting that FLASH effects only occur at lower 0, levels.

From these studies, it is clear, that oxygen plays a role in FLASH radiotherapy, which
leads to two prominent hypotheses:

1. Oxygen depletion in irradiated volume, causing a radiation induced hypoxia
(see Section 3.1.1)

2. Biological differences within the targeted, either caused by radiation itself via
different ROS levels being produced, or as response to ROS (see Section 3.1.4)

In addition, recent studies mention the self-annihilation of radicals as a reason of
FLASH mechanisms®!. In this thesis, this aspect will be treated as part of in-depth
radiolysis studies in Section 3.1.3. Current research focus on the delivery of beams at
high dose rates, the dosimetry, and the biochemical mechanisms as well as immune-
response involved in the FLASH effect”?

3.1.1 Oxygen Depletion Hypothesis

The oxygen depletion hypothesis was one of the dominant theories of the past years
to explain FLASH effects. It focuses around the idea that in general, ionizing radi-
ation in water or cytoplasm causes radiolysis and subsequently a reduction of O,
molecules leading to a radiation-induced decrease of O,. At higher dose rates, it
was postulated that more O, gets depleted’!, causing an hypoxic environment. In
combination with the well-known radio-resistance of hypoxic tissue as part of the
OER (see Section 2.2.5), FLASH radiation could cause the same tissue reaction as hy-
poxia. Since most tumors are hypoxic (see Section 2.3), FLASH radiation would not
have any impact on the oxygen level present. However, in healthy tissue, FLASH
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radiation would cause a local hypoxia protecting the health tissue from radiation
damage. The oxygen depletion hypothesis was the basis hypothesis to be tested
in Publication I, hence the following sections describe both the radiolytic FLASH
components as well as the biochemical contributions in detail.

3.1.2 Physical FLASH Mechanisms: A Closer Look Into Radi-
olysis of H,O

In order to understand the biological effect of FLASH, the differences between FLASH
and conventional radiotherapy with regard to the formation of radicals must be ex-
amined more closely. In the simplest case, the radiolysis, i.e. the process of water
molecules getting ionized due to ionizing irradiation, can be described. In that pro-
cess, and especially under the presence of O, solved in the water, many radicals are
produced (see Section 3.1.3). In cells, the same process happens in the cytoplasm,
and the radicals produced there are responsible for DNA damage, when they diffuse
to the DNA and react with the backbone or the bases itself (see Section 2.2.2).
Hence, the production of radicals is a critical aspect in understanding the effect of
dose rate in radiation. For simplification and cells being mostly constituted of water,
only the production of radicals in water will be described here.

3.1.3 Radiolysis

In both FLASH and conventional radiotherapy, the production of radicals due to ra-
diolysis plays a critical role, as radicals are the main cause of cellular (DNA-) damage.

In addition to the reactions which were already mentioned in Section 2.2.2, this sec-
tion will give a detailed overview on radiolytic processes and their role in FLASH
radiation.

The processes following radiation impact on water can be subdivided in four timescales:
The physical, the physio-chemical, the chemical and the biological timescale. After
the physical and physio-chemical stage, which lasts typically 10 1> s and 10 1% s re-
spectively, many initial radicals due to ionization of H,O have been produced, like
H', OH", H30+ or HO,. These initially produced radicals can then undergo a

€a
Vacllriety of reactions with H,O molecules, O, present in water, or the radicals itself.
These processes take place during the chemical phase, which ends around 107 s af-
ter the radiation. An overview on possible reactions in the chemical phase are shown
in Table 3.1. In that, k represents the reaction velocity. The number of radicals pro-
duced as well as the following reactions between the radicals depends directly on
energy and LET of the incoming radiation. It is described by the G-value, which rep-
resents the number of molecules produced per 100 eV energy deposited by radiation.
Hence, for each radical species produced due to radiolysis, a G-value can be defined.
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k in 1010d_m3

Products I
mol s

Number Educts

a) €aq + €aq + HO + H,O  — H, + OH” + OH"  0.55
b) €aq * H' + H,0 — H, + OH"” 2.5

c) €5q + H30" — H' + H,0 1.7

d) ey + H0, — OH" + OH" 1.0

e) €aq * Oy — 0,~ 1.9

f) esq + HO; —> HO, 2.0

g) €q + Oz — OH™ + HO, 1.3

h) H +H — H, 1.0

i) H® + H,0, — OH" + H,0 0.01
j) H" + OH™ — eyq + H0 0.002
k) H + 0O, — HO, 2.0

1) H* + HO; — H,0, 2.0
m) H + 0, — HO, 2.0

n)  OH +OH — H,0, 0.6

0) OH" + €aq — OH" 2.2

P) OH' + H’ — H,0 2.0

q) OH' + H, — H" + H,O 0.0045
)  OH' +H,0, — HO; + H,0 0.0023
) OH' + HO; — 0, 1.0

t) OH' + O, — 0, + OH™ 0.9

u) OH" + HO, — HO, + OH™ 0.5

v)  HyO*+ OH" — H,0 + H,0 10

w)  Hy0" + 0, — HO; 3

X) H;0" + HO, — H,0, 2.0

y) HO, + HO, — H,0, + O, 0.000076
z) HO, + O,~ — 0, + HO, 0.0085

Table 3.1: Overview on radiolytic processes in the physio-chemical stage. Reprinted

from Boscolo et al. %3,

When considering the case of water mixed with O,, the presence of O, has also a
direct influence on the production of oxygen-related radicals, as shown in Figure 3.1.

For having a closer look into the oxygen depletion hypothesis as a cause for bio-
logical FLASH effects, the G-values play a crucial role in calculating the expected
number of oxygen molecules produced or depleted in the (physio-)chemical stage.
In detail, the G-values of radicals present in reactions producing or consuming oxy-
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Figure 3.1: Overview of radicals produced due to radiolysis of H,O, dependent on
the LET of the incoming radiation. G-values are calculated using TRAXChem and
the values cacluated for 1ps after irradiation are depicted. Figure reprinted from

Boscolo et al.*8.

gen are of greater importance, as seen in Table 3.1. In this table, lines s), t) and z)
show O, producing reactions and e) and k) show O, consuming reactions. In to-
tal, more O, is consumed than produced. With the help of G-values, the amount of
depleted O, during radiation can be calculated (Equation 3.1). co, (D) describes the
O,-concentration as a function of dose D. The integral can be approximated by the
sum over the amount of molecules produced per dose unit D; with N - D; = D.

D N

co,(D) = co,(D = 0) - / GdD' ~ ¢o,(D=0)- Y G- D; (3.1)
0 :

i=1
A depiction of G-values as function of oxygen for consuming, producing and netto
O, processes can be found in Figure 3.2 (a). The obtained G-values were fitted using
a Michaelis-Menten-fit (Equation A.1). The representation of oxygen depletion as a
function of dose rate can be done by replacing D by D- ¢ in Equation 3.1, which gives
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Figure 3.2: G(O,) for 12C jons with 150 MeV/u at 1 s after radiation. Simulation
done using TRAXChem MC simulation’?. Figure reprinted”>.

a time- and dose-rate dependent depletion of oxygen concentration. An application
of Equation 3.1 can be found in Figure 3.2 (b). Here, the G-value for O, is exemplarily
calculated for 1 ps after irradiation of a water sample with 150 MeV 12C ions, as they
were used in Publication L. Figure 3.2 was part of a master thesis supervised by me.

A study of calculated oxygen depletion that was also performed by Boscolo et al.”%.
In the equation and calculations above, the amount of radicals produced per dose
(i.e. the G-value) itself is independent from the dose rate. Following this theory, the
dose rate would have no impact on the depletion of oxygen. In contrast, other theo-

ries postulate an increased oxygen depletion at irradiation with high dose rates”>7°.

1.77, even a decrease of radicals being produced was postu-

Following Labarbe et a
lated. Since this interpretation was also drawn in Publication I, it will be described
in detail here: His work centered around the production of peroxyl (ROO") radicals,
which are known to play an important role in DNA damage. Hence, cell effects can

be linked with the concentration of radicals:

T
celleffects =/ [ROO™] (t)dt (3.2)
0

The production rate R of radicals is proportional to the dose rate %—?:
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dD
R(#) = p- Glt)- - (3:3)
Normalized amount of cell effects (i.e. being between 0% and 100 %) “area under
the curve” (AUC) depends on the dose rate in a square-root-dependence as found

by Mihaljevic et al.”8:

dD dp\ %°
AUCrorm (D, E) = a(D) + b(D) - (E) (3.4)

Regarding ROO" radicals, it was hence postulated that higher dose rates could cause
less radicals due to radical-radical-recombination and hence chain termination.

In Publication I, this approach of Labarbe and Mihaljevic was used directly for the
determination of the amount of O, depleted per dose, as it was assumed that radicals
responsible for O, depletion can self-interact before reacting with O,. Equation
3.4 implies that oxygen depletion does not occur linearly with dose, but follows a
square-root shape. Hence, less O, was expected to be depleted at higher dose rates.
However, Wardman’? stated that the radiation doses are most likely not high enough
to create such dense tracks that there is an overlap of radicals originating from two
individual particles. Also, it is postulated that the radiation chemistry in terms of
G-values remains similar when comparing FLASH and conventional dose rate on
timescales of around 1 ps after irradiation suggesting that for chemical kinetic cal-
culations, known G-values at 1 us could be used.

Impact of beam structure

In addition to open questions regarding radiolysis’ contribution to the FLASH effect,
it is known that also the beam structure influences the FLASH effects 1°. Following
experimental results, it is known that FLASH effects are observed if the dose rate
is above 40 Gy/s and they are maximal for dose rates around 100 Gy/s®. However,
for pulsed beams, it is not clear, which role the interplay of pulse dose rate and av-
erage dose rates has with respect to radical production. Exemplarily, in biological
samples, the impact of pulse dose rate and beam structure was reported in micronu-
clei induction in human blood lymphocyte8!. These pulse dose rate effects will be
further addressed in Appendix A.1 and B.1.

3.1.4 Biological FLASH Mechanisms

From a biological point of view, a FLASH effect is visible in two ways: First, in
vivo, when irradiated at high dose rates, tumor tissue reacts similarly compared to
conventional radiotherapy, but healthy tissue is more spared. Hence, the therapeu-
tic window gets broader due to an increased differential effect between tumor and
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cancerous tissue. Second, in vitro, cancer cells also show increased survival after
high-dose rate irradiation compared to conventional irradiation 8. For both effects,
the Dose Modifying Factor (DMF), can be determined, i.e. the factor in dose needed
to obtain the same biological result with FLASH and with conventional radiation

697782 and is potentially lower in vitroS3.

and lays around 1.4 - 1.8 in vivo
It is not clear yet, if both FLASH effects stem from the same underlying mechanism,
or if it is, in fact, two separate mechanisms.

To explain the in vivo FLASH effect, different aspects could play a role: One assump-
tion would be that healthy tissue and cancerous tissue show significantly different
levels of enzymes scavenging radicals induced by radiation. It is known, for example,
that cancer tissue has higher levels of SOD which converts O, " to H,O, (see Section
2.3.1) leading to potentially altered radiochemical yields. Another cause could be the
immune system reacting differently towards healthy and cancerous tissue via lower
levels of the immune-modulating factor TGF-f3, as observed in mice 63 In sum, in
vivo, either intrinsic differences between healthy and tumor tissue play a role, or the
reaction of the immune system.

In vitro, immune cells and the micro-environment of a tumor cannot play a role.
However, a decrease in TGF-[3 after FLASH irradiation was also shown in an in
vitro study using proton FLASH on human lung fibroblasts34 implying a potentially
decreased inflammatory response after radiation.

Many studies stress the importance of phospholipid damage’” as a cause of chain
propagations through peroxyl radicals which then subsequently damage the DNA
directly (see Section 2.2.2). It is an open question currently, whether these reactions
play a role in FLASH as their reaction equilibrium could be disturbed by higher dose
rates®!.

The presence of a FLASH effect in vitro, onto the same cells, would imply that either
repair mechanisms are triggered differently 3> or that the difference between FLASH
and conventional radiation is earlier, i.e. not only on a biological level, but already
on physical and chemical timescales. In that cases, FLASH effects can also be studied
in water alone, on a radiochemical level, as done in Publication I presented in this
thesis.
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Publications

This thesis is written in cumulative format according to the regulations of the Fac-
ulty of Physics and Astronomy of Ruprecht-Karls-University Heidelberg. Three peer
reviewed publications, which are published in international journals, are presented
in this thesis. They will be referred to as Publication I, IT and III. All of the publica-
tions were conducted during my PhD project and have not been presented in other
theses. I am first author of Publication I and II, the latter being a shared first author-
ship. I contributed to Publication III as a co-author. Detailed descriptions of author
contributions are given in the overview preceding each publication. In addition to
the published papers, further and ongoing research is presented in Appendices A.1,
B.1 and B.2, with B being abstracts accepted at FRPT conference 2021.

Overview of Publications

This section provides an overview of the publications presented in this thesis and
places them into the scientific context. A graphical overview is shown in Figure 4.1.
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Publication I: Radiochemcial oxygen effects
Measutement of oxygen depletion in water during
radiation at vatious dose rates.

Less oxygen is depleted at higher dose rates.
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Publication II: Genetic oxygen effects

Oxygen effects in gene expression patterns in 4 cell
lines for hypoxia and normoxia after 6 Gy photon
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Appendix A: Impact of beam pulse structure on
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Appendix B.l: Oxygen measurements in bio-
logical samples
Feasibility study in zebrafish embryos

Appendix B.2: Cell survival studies in FLASH
radiation under O2 monitoring
FLASH effect measurable in normoxia
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Publication ITI: Mechanistic oxygen effects
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Figure 4.1: Overview of the thematic aspects presented in this thesis and their link-

age.
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It is well known that oxygen plays a major role in radiotherapy, on physical, chemi-
cal, and biological level. The three publications presented in this thesis show oxygen
effects in radiotherapy on three levels: (i) On a radiochemical level conducted in wa-
ter studies in Publication I, (ii) on a genetic level in various cancer cell lines under
hypoxic and normoxic conditions after photon irradiation in Publication II and (iii)
on an enzymatic, mechanistic level, where oxygen-related scavenging systems were
actively modified by chemical compounds and their effect was tested in radiation
treatment in Publication III. In addition, the impact of pulse structure on oxygen
depletion was investigated (Appendix A.1), and the feasibility of oxygen measure-
ments in zebrafish-embryos was tested (Appendix B.1). Furthermore, cell survival
studies were conducted under close oxygen monitoring in FLASH radiation condi-
tions (Appendix B.2).

Radiochemical oxygen effects

As an important prerequisite for further investigations, a measurement technique
was developed to access the amount of oxygen present in water. Since water makes
up for about 70-80 % of the cells’ cytoplasm, measurements of oxygen in water dur-
ing radiation can already hint towards processes that can also happen in the cyto-
plasm. For these oxygen measurements in water, a plastic phantom including an
oxygen sensor was designed and irradiated with photons, protons and carbon ions
(Publication I). In this paper, the main idea was to investigate whether the oxy-
gen depletion hypothesis (see Section 3.1.1) could actually play a role in the FLASH
mechanism. At first, the effect of different irradiation volumes on oxygen deple-
tion was tested but no differences were found. In addition, an important result was,
that oxygen was depleted almost continually during irradiation, in contrast to what
most hypotheses postulated’!. Oxygen was depleted during FLASH radiation, but
not enough to explain the FLASH affect by radiation induced hypoxia alone, es-
pecially since less oxygen was depleted at higher dose rates. The study was able to
successfully measure oxygen levels and oxygen depletion in water on-line, but more
research needs to be done on what this means at the tissue level. In Appendix B.1,
first trials with a measurement technique of oxygen measurements in living tissue
such as zebra fish embryos were performed, leading to a successful on-line measure-
ment of oxygen depletion also in biological environment under FLASH conditions.
In addition, the effect of pulse structure of the radiation beam on oxygen depletion
has not been understood yet (see Section 3.1.3). Therefore, in Appendix A.1, oxygen
depletion at different dose rates and applying different beam pulse structures was
tested.

From the findings of Publication I and Appendix A.1, it is clear, that the amount of
oxygen measured after irradiation gives a hint towards the amount of radicals pro-
duced during radiation, since O, vanished due to radiolytic reactions.
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Genetic oxygen effects

In order to investigate the impact of oxygen during irradiation on a genetic level
(Publication II), the genetic fingerprint of four cancer cell lines in normoxic and
hypoxic conditions was analyzed, with and without irradiation. A novel analysis
method was developed in the study to detangle the usually intertwined effects of
radiation and hypoxia. The method was applied on the gene expression data sets of
the following cell lines: Non-small-cell lung cancer (H460), brain neuroglioma (H4),
urinary bladder carcinoma (T24) and prostate adenocarcinoma (PC3). For each cell
line, one cell set was kept at normoxic and one at hypoxic (0.3 % O,) conditions in
order to ensure a change in metabolism towards chronic hypoxia (see Section 2.3)
prior to radiation with X-rays, at a dose of 6 Gy. Three days after irradiation, when
most repair processes are completed, the cell pellets were obtained and a gene anal-
ysis was performed.

Since usually the cell line dependent gene expression patterns are significantly stronger
than the change caused by radiation or hypoxia, a suppression of cell line dependen-
cies was successfully implemented in the novel analysis method. This was validated
by a Principal Component Analysis (PCA), an analysis method which searches for
largest variance within the data set and performs a coordinate transformation onto
the components with the largest variance. In this way, data showing similarities are
clustered together. Furthermore, a hierarchical cluster analysis was applied, which
clusters a set of objects based on mathematical similarities, leading to the assign-
ment of similar objects to the same group. In contrast to a PCA, it does not transform
the data into another coordinate system. After removing cell line dependent features
from the datasets, especially the genes involved in inflammation and oxidative stress
processes, IL-13, CD274, NOX1 and TNF, were found to be altered by radiation in hy-
poxia. Also, genes involved in metastatic processes, i.e. Epithelial-To-Mesenchymal-
Transition (EMT)-related genes were found to be significantly changed.

Mechanistic oxygen effects

Since radicals and ROS caused by radiation or hypoxia critically influence cells’ sur-
vival and EMT (i.e. potential metastasis formation) processes, cells have developed
many radical scavenging systems. Two main scavenging systems hereby are SOD,
which dismutases O, to H,0,, and CAT, which reacts H,0, to O, (see Section
2.3.1). Hence, in Publication III, the effect of these two systems on cell migration was
investigated on a mechanistic level in brain neuroglioma cells (H4) by adding cop-
per(Il) (CuL) and iron(Ill) (FeL) complexes to cells prior to irradiation. In the study,
the effect of CuL and FeL on cells was tested with regard to their SOD-mimicking
potential and subsequently their impact on cell growth after irradiation. This was
investigated in both mono-layer-cell culture and in spheroids: The mono-layer stud-
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ies showed that after treatment with CuL and FeL, the cell cycle of the cells was
changed, leading to a build-up in G2/M phase with this effect being more prominent
for CulL treatment. In spheroid studies, where cells were grown in a 3D-culture in
a matrigel, the invasiveness of the spheroids was tested with and without CuL/FeL-
compounds. Interestingly, less invasiveness, i.e. less metastatic potential was found
for cells treated with CuL hinting towards the critical role which SOD as a ROS
scavenger has in metastasis formation.

Oxygen effects in FLASH radiotherapy

In addition, the role of oxygen in FLASH radiotherapy was further investigated in
Publication I, where oxygen depletion was measured in water phantoms over a large
range of dose rates up to 340 Gy/s. This study was advanced in Appendix A.1 to-
wards Ultra High Dose Rate (UHDR) up to 10° Gy/s produced by laser accelerated
protons. These results were compared to UHDR-electrons. Furthermore, different
beam pulse structures were tested in order to investigate the effect of beam pulse
micro- and macro-structures on the oxygen depletion in water. Hereby, it was found
that the pulse structure itself plays a major role in oxygen depletion, besides com-
mon influence by the dose rate and LET of the radiation.

Studies were also conducted as a combined irradiation of ,,oxygen sensor + cells”(see
Appendix B.2) and ,oxygen sensor + zebrafish embryos®(see Appendix B.1) in order
to link the measurable changes in oxygen during conventional and FLASH radio-
therapy to biological responses or, vice versa, modulating the FLASH effect by ac-
tively changing oxygen (see Appendix B.2). The studies shown in Appendix A.1,
B.1 and B.2 lay the foundation for the combined measurement of the oxygen effects
under FLASH conditions on a biological and radio-chemical level.
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Purpose: To investigate experimentally, if FLASH irradiation depletes oxygen within water for dif-
ferent radiation types such as photons, protons, and carbon ions.

Methods: This study presents measurements of the oxygen consumption in sealed, 3D-printed water
phantoms during irradiation with x-rays, protons, and carbon ions at varying dose rates up to
340 Gy/s. The oxygen measurement was performed using an optical sensor allowing for noninvasive
measurements.

Results: Oxygen consumption in water only depends on dose, dose rate, and linear energy transfer
(LET) of the irradiation. The total amount of oxygen depleted per 10 Gy was found to be 0.04% atm
- 0.18% atm for 225 kV photons, 0.04% atm - 0.25% atm for 224 MeV protons, and 0.09% atm -
0.17% atm for carbon ions. Consumption depends on dose rate by an inverse power law and saturates
for higher dose rates because of self-interactions of radicals. Higher dose rates yield lower oxygen
consumption. No total depletion of oxygen was found for clinical doses.

Conclusions: FLASH irradiation does consume oxygen, but not enough to deplete all the oxygen
present. For higher dose rates, less oxygen was consumed than at standard radiotherapy dose rates.
No total depletion was found for any of the analyzed radiation types for 10 Gy dose delivery using
FLASH. © 2021 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of
American Association of Physicists in Medicine. [https://doi.org/10.1002/mp.14917]

1. INTRODUCTION

Over the last years, research on the irradiation with high dose
rates (i.e., FLASH irradiation) became increasingly impor-
tant. In vivo, studies showed a radio-protective effect in
healthy tissue when irradiated with electrons at high dose
rates (> 40 Gy/s) whereas the tumor control probability
remained comparable to usual (clinical) dose rates of around
2 Gy/min." Applied to a clinical setup, FLASH dose rate irra-
diation could therefore enlarge the therapeutic window, that
3982
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is, healthy tissue is protected and irradiation with higher
doses in the tumor is made possible.

Although this differential effect of radio-protection of the
normal tissue has been studied and confirmed already
in vivo,” the mechanism behind the FLASH effect still
remains unknown.” It is believed that dissolved oxygen in the
cellular cytoplasm plays a major role: Early findings in the
1960s and 1970s showed a hypoxic-like cell survival behavior
when Escherichia coli bacteria were irradiated with ultra-high
dose rates of x-rays." Oxygen measurements for the same
© 2021 The Authors. Medical Physlcs publlshed by Wiley Periodicals LLC on

behalf of American his is an open
access article under the terms of lhe Creallve Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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experimental setup showed a decrease in oxygen during irra-
diation. Similar results were obtained in HeLa cells’ and Chi-
nese hamster cells.® One of the possible mechanisms to
explain the FLASH effect nowadays is that oxygen is
depleted during irradiation which causes a hypoxic environ-
ment in the irradiated volume. Hypoxic tissues are known to
be two to three times more radio-resistant than normoxic tis-
sues.” As tumors are mostly hypoxic (i.e., the O, concentra-
tion is lower than 0.5% atm) and healthy tissue (with an O,
concentration of 1-11%°) is not, the oxygen depletion theory
is of current interest as it could explain the observed radio-
protective effect.

In this case, the consumption of oxygen, which can lead to
complete depletion, is due to radiolysis. This process creates
various radicals which then react with oxygen and result in a
decrease in molecular oxygen.

1.A. Radiolysis

Tonizing radiation causes radiolysis of water molecules
producing a range of reactive species (see Table I). On short
timescales after irradiation (until 107'2 s), a high production
of e',q and H' is observable. In the presence of molecular oxy-
gen dissolved in water, these species can interact with O,
which leads to the production of superoxide (O3) and HO;.
These products react further with each other on timescales
until up to 107% s. After 107 seconds, the production of
most radicals is in a stable regime and will not cause further
reactions.” For the studies presented, those reactions, which
have O, as direct product or educt, are of main interest, that
is, reactions in which O, is directly consumed or produced
(see Tables I and TII).

For deeper understanding, it is crucial to quantify the
amount of oxygen that is consumed as a result of irradiation.
This amount is given by G-values, describing the amount
of molecules produced per 100 eV imparted in the water
(Table I).

Various simulation studies have been published to
dat<e,3""lz but there is a lack of measurement data and sys-
tems that not only measure oxygen consumption before and
after irradiation, but can also be used in-vitro (i.e., together
with cell culture) and online. The aim of this work is there-
fore to investigate experimentally the oxygen consumption in
pure water as a potential mechanism of FLASH using an
online oxygen meter. Thereby, the study is designed to cover
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TaBLE II. Reactions consuming oxygen.;

Reaction Reaction rate k [lOlodm}mol’l s"}
ey +02— 05" L9
H'+0, — HO;, 2.0

Tasee L. Reactions producing oxygen.’

Reaction Reaction rate k [10'dm’mol ~'s~!]
OH’ +HO} — 0, +H,0 1.0

OH"+05" — 0, +0H™ 0.9

HO} + HO — H,0, 4 0; 0.000076

HO; + 0} — 0, + HO;y 0.0085

a broad range of radiation types (x-ray, p, and '>C radiation)
and dose rates (2 Gy/min—-340 Gy/s).

2. MATERIALS AND METHODS

2.A. Preparation of oxygen meter for measuring
dissolved oxygen

For the experimental part of the study, radiolysis of water
and the resulting oxygen consumption were investigated
using the solid optical sensors TROXSPS from PyroScience
GmbH in a 3D-printed water phantom.

The water phantoms suitable for this study had to be air-
tight, preparable in different geometries to adapt to different
irradiation beam setups and transparent to read the sensor
optically. To fulfill these requirements, phantoms were 3D-
printed out of the material VeroClear (Stratasys Ltd., Israel),
arigid, colorless, and transparent material. The optical sensor
was glued with silicone into the phantom and the phantom
was filled with de-ionized water. The oxygen dissolved in
water was measured via a fluorescent layer in the sensor,
which was read-out with the purchased system FireStingO2
(FSO2-4, PyroScience GmbH). With the FireStingO2, the
sensor is excited at 650 nm wavelength and emits light in the
near infrared regime. This signal is then further processed in
the FireStingO2. Time resolution of around 400 ms can be
achieved.

Since the read-out is performed optically, it was possible
to measure the changes in oxygen concentration inside a
water phantom noninvasively. This is the main advantage

TaBLE I. G-values in molecules/100 eV of primary radicals for photon radiation” and for ion radiation'” in water at 25 °C and pH7.

G value of: Photons Protons 2c
(1.2 MeV) (1 keV/p m) 10 keV/u m 15 keV/um 20 keV/u m
‘'OH 2.7 25 1.7 L5 1.3
€aq 2.6 23 1.5 1.3 1.1
H,0, 0.70 0.68 0.83 0.87 0.89
H 0.60 0.63 0.69 0.67 0.65
H, 0.45 0.49 0.62 0.68 0.71

Medical Physics, 48 (7), July 2021
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over studies with other commonly used oxygen probes where
measurements are usually an invasive process.

The phantom itself was 20 mm long, of cylindrical shape
and produced for multiple beam diameters, to achieve a uni-
form dose distribution within the phantom. Hence, the phan-
tom’s diameter was constructed significantly smaller than the
FWHM of the respective beam used for irradiation. For the
present study, phantoms of 5 mm (Fig. 1) in diameter were
applied for photon radiation, and phantoms of 2 mm in diam-
eter were applied for proton and '°C radiation.

2.B. Photons, protons, and carbon ion beams

To investigate the oxygen consumption as a function of
dose and dose rate (i.e., the amount of dose deposited per time
interval), the water phantom with the sensor was irradiated at
different dose rates with vertical beams of 225 kV photons
(Faxitron MultiRad225, Faxitron Bioptics, LLC). Irradiations
with carbon ions were performed at Heidelberg Ion beam
Therapy facility HIT, Germany at up to 9.5 Gy/s peak dose
rate using the horizontal beam line in the QS room of HIT.
Irradiations with protons were performed at OncoRay, Dres-
den, Germany at dose rates up to 340 Gy/s using the horizon-
tal beam line in the experimental room of the University
Proton Therapy facility. The applied beam parameters can be
found in Table IV. For both proton and carbon ion setups, the
phantom was irradiated with high energy particles, that is, in
the plateau region of the depth-dose curve of the beam.

2.C. Measurement setup

For measuring oxygen consumption, the phantom was
filled entirely with pure, double-deionized water, without air
bubbles, and closed with plastic screws. The oxygen content
of the water was changed using a Sci-Tive hypoxic chamber
(Baker Ruskinn), in which N, is used as air substitute. The

AT AL bt e,

)

FiG. 1. Three-dimensional-printed water phantom of 5 mm inner diameter.
O, sensor (black) is placed on the inside on the left end, facing away from
the beam. At this side, the optical fiber can be coupled to the phantom. On
the right, facing the beam, two openings for filling the phantom are visible,
which can be closed with plastic screws. O-rings were used between the
screws and the phantom for additional air tightness. The white arrows show
the beam’s direction for the respective beam types. [Color figure can be
viewed at wileyonlinelibrary.com]
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TaBLE IV. Beam parameters used for irradiation. Linear energy transfer
(LET) was calculated using ICRU49" and ICRU73'. Photon LET was esti-
mated"”.

LETy,0 Av.DR  Spill DR
Energy [keV/p m] [Gy/s] [Gy/s] Beam Structure
X-ray 225 kV ~1.7 0.03-52 - continuous
p 224 MeV/u  0.42 0.03-340 - 2 ns beam-on
+ 8 ns beam-off
2c 400 MeV/u  10.89 0.06-24  0.12-51 15s49son
+4 s-5 s off
2C 150 MeViu  19.47 0.04-1.8  0.06-9.5 15s4.9son
+4 s-5 s off

pure water was placed in the hypoxic chamber for 2 days
until the desired O, level was reached and the phantoms were
then filled with hypoxic water inside the chamber. Then, the
phantom was placed at the beam’s central beam axis. For pro-
ton and carbon ion measurements, the phantom’s cylinder
axis was placed on the beam axis. For photon measurements,
the phantom was placed perpendicular to the beam instead.
By that, the phantoms were always positioned horizontally to
ensure homogeneous water composition. On the sensor’s side
of the phantom, a fiber holder was placed to connect the
phantom’s sensor to the FireStingO2 meter with a 2 m long
optical fiber of 2.2 mm diameter. The FireStingO2 meter was
then connected to the laptop for data acquisition. The
obtained values for O, concentration are in a range of 0% -
20.95% (air saturated). Figure 2 shows a photograph of the
experimental setup for proton radiation.

2.D. Beam microstructure

For defining the dose rate, recent studies have raised the
importance to distinguish continuous wave (CW) and spilled
(pulsed) beams.'® In order to achieve the same average dose
rate in a spilled beam compared to a CW beam, a much
higher dose rate would be required in each pulse of a spilled
beam to compensate for the beam pauses. Hence, for spilled
beams, it is crucial to take both the pulse dose rate (i.e., the
dose rate obtained in one spill) and the average dose rate into
account.'”

In this study, clear CW structure was obtained in x-rays.
Protons at OncoRay show a quasi-continuous structure: 2 ns
beam-on time is followed by 8 ns beam-off. At HIT, the beam
shows a spill-like structure: A continuous beam during spill
duration of 1.5-4.9 s and a time between two spills of around
4-5 s in which no particles and hence no dose is delivered.
The study presented here shows both the oxygen consump-
tion in pulsed beams and in CW beams.

2.E. Dosimetry

The dosimetry at phantom site for photon irradiation was
carried out using a Semiflex ionization chamber (IC, type
number TM31010, PTW, Germany). For carbon ion
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Bragg peak
chamber

Collimator

Phantom

Optical Fiber

FiG. 2. Experimental setup at OncoRay, Dresden for irradiation with
224 MeV protons. The beam passed a Bragg peak chamber (model T34070-
2.5 from PTW) for dose monitoring and was shaped with a scatterer of
24 mm PMMA equivalent thickness and a 20 mm thick brass collimator to
deliver a homogenous beam spot. The phantom was held in place with a sam-
ple holder. [Color figure can be viewed at wileyonlinelibrary.com]

irradiation, a PinPoint chamber (type number TM31015,
PTW, Germany) was used and both, respectively, coupled to
a Unidos electrometer (PTW, Germany). Proton dosimetry
was achieved using an Advanced Markus IC (type number:
34045, PTW), coupled to an Unidos electrometer as well. For
the maximum dose rate of 340 Gy/s applied, a small
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saturation correction kg, of 1.01 was determined for the Mar-
kus IC."® Therefore, recombination effects can be neglected
and no dose rate dependent saturation correction was applied.
In the experiments with photons presented in this study, it
was possible to take additional advantage of the beam’s
geometry: The beam is conically shaped (as schematically
shown in Fig. S-1a) and the dose is hence inversely propor-
tional to the squared distance from the source, that is,
D ~ 1/r*. Accordingly, the same must apply to the dose rate,
that is, D ~ 1/r%. Therefore, irradiating the phantom at differ-
ent distances from the source automatically leads to a 1/r%-
dependent dose rate (see Fig. S-1b) that can be used for fur-
ther measurements. In the experiments with protons and car-
bon ions, dose rate and dose was changed by setting the beam
current and irradiation time in the beam control system.

3. RESULTS

3.A. Oxygen consumption for varying water
phantom volumes

At first, different phantoms with 80 1, 583 ul, 6.138 ml,
and 6.876 ml water volume were irradiated at a constant dose
rate of 0.0799 Gy/s with 225 kV photons and the concentra-
tion of O, was measured during irradiation until the concen-
tration of O, reached zero. The results of this study are
displayed in Fig. 3(a). It was observed that the rate of oxygen
removal (i.e., dO/dt) was mostly constant and especially inde-
pendent on the irradiated volume, as long as the phantoms
were irradiated homogeneously. Therefore, due to the
observed independence on volume, the phantom’s diameter
was selected according to the beam’s geometries for the fol-
lowing experiments. The stability of O, over time in the
phantom was tested without radiation for different oxygen
levels. Even for low O, levels, no diffusion was visible [see
Fig. 3(b)].

(b)
Stability of oxygen over time

Oxygen Concentration [% air]

0

0.0 25 5.0 7.5 10.0 125 15.0 17.5

Time [min]

Fic. 3. (a) Oxygen consumption for phantoms with different volumes, irradiated with a dose rate (DR) of 0.0799 Gy/s. For better visibility, the curves are sepa-
rated with a time-offset. (b) Oxygen stability was checked in phantom prior to irradiation.
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FiG. 4. Oxygen concentration over irradiation time and dose for photon, proton, and carbon irradiation. For better comparison, some curves were shifted in time

to match the same initial O, level

3.B. Oxygen Consumption in Photons, Protons,
and Carbon lon Beams

At all radiation sources, the oxygen consumption in
dependence on irradiation time was studied for different dose
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rates [Figs. 4(a), 4(c), 4(e)]. For photons and protons, the
dose-dependent oxygen consumption can be achieved by
multiplying the time axis with the dose rate present during
irradiation [Figs. 4(b), and 4(d)]. For carbon ions, beam
delivery in spills results in a step-wise oxygen consumption
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[Figs. 4(e), 4(f)]. For transferring the time axis into a dose
axis, the average dose rate was used. For better comparison,
curves were shifted in time to match the same oxygen start
level, that is, irradiation also happened at <0. This was a
reasonable simplification as the depletion behavior was
mostly linear.

All measurements showed that dose rate had an impact on
how fast oxygen got consumed and how much dose was
needed for total depletion. Furthermore, the curves showed
an almost linear behavior, that is, the average consumption
per unit dose (%) was extracted via a linear fit.

Subsequently, a broader analysis over multiple measure-
ments was carried out to extract the average amount of
depleted oxygen per unit dose (%) as a function of dose rate.
To obtain the average consumption %, the curves from data
like exemplarily shown in Figs. 4(b), 4(d) and 4(f) were lin-
early fitted, beginning from the start of irradiation, and the
slope fit parameters (%) were used for further analysis in

do

Fig. 5. The resulting average consumption gz was plotted

against the respective dose rate for all radiation types in
do

Fig. 5. For carbon ion data, g7 was plotted against the dose
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rate within one spill and not the average dose rate. The fit
function used in Fig. 5 to describe the amount of consumed
oxygen per dose was chosen according to Labarbe et al.'’ and
Mihaljevic et al.” and is given by a power law, with the
parameters a <0 and b >0:

do dp\ °°
_ (4P 1
a et <dr> )

Equation (1) was used for '>C data, with % being the aver-
age consumption per measurement, derived from average
dose rate in the measurement. ‘fi—[[’ described the peak dose
rate. For proton and x-ray measurements, peak dose rate and
average dose rate were identical, so it was more convenient to
work with % data directly from measurement. For this pur-
pose, Eq. (1) was multiplied by %’ to obtain Eq. (2). In a sec-
ond step, fit parameters from Eq. (2) were used to generate
Figs. 5(a) and 5(b) using Eq. (1).

do dD dp\ 03
— =a-—+b- | — 2
dr dr (dt) @
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Fic. 5. Average oxygen consumption per 10 Gy (42) as a dependence on dose rate (
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dD/dt in Gy/s, per peak

4 depicted for all measurements in the respective beams types.
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Fic. 6. Linearly extrapolated oxygen consumption starting from 2% atm O, for various dose rates. For all settings, large doses (more than 10 Gy) would be

needed to deplete all O,.

It is evident that all depicted curves in Fig. 5 show a
similar curvature, meaning that higher dose rates lead to
less oxygen consumption. Furthermore, different beam
types have an impact on the oxygen consumption. Fig-
ures 6(a)-6(c) show the fit results per irradiation type
applied to a starting oxygen concentration Oy Of 2%
atm and extrapolated to different dose rates, assuming a
linear depletion (which is in reasonable agreement to the
measured data). It was used: O(D) = Ojiriat — 3% - D with 99
as parametrized in Eq. (1) with fit parameters a and b
obtained from fits shown in Fig. 5.

Considering Fig. 6, it is evident that 2% atm O2 cannot be
depleted within 10 Gy by any of the used beams.

4. DISCUSSION

The aim of the study was to investigate if oxygen depletion
occurs during (FLASH-) irradiation, by measuring the oxy-
gen concentration in-vitro during irradiation of water by pho-
tons, protons, and carbon ions. For all experiments,
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TROXSPS sensors were used to measure the oxygen concen-
tration during irradiation, with the sensors not being affected
by the radiation.

The oxygen consumed during irradiation was found to be
linear in time and dose and independent of the initial oxygen
concentration [Figs. 4(a)-4(f)]. Oxygen consumption was
evaluated per total dose delivered, where we defined % to
represent the total oxygen removed per unit dose [Figs. 4(b),
4(d), 4(f)]. The % represents also the total amount of radicals
produced per total dose delivered, which have reacted with
the diluted oxygen to create a reactive oxygen species (ROS).
The % as a function of dose rate [Figs. 5(a)-5(c)] follows the
same nonlinear behavior as described by Labarbe et al.'” in
organic environments, and given by the expression
a+b-(42)""". The nonlinearity was described in Labarbe
et al. as the self-interaction of ROO. molecules, part of the
termination reaction. In the present study, experiments were
carried out with only pure water and therefore without the
presence of any RH or R. molecules. However, in pure water,
self-interactions of the radicals play a major role in removing
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the radicals that could potentially react with oxygen. This
applies especially to e, and H- as described in the following:

€y +B;1+2H20~>H2 +20H" 3)
€yt 0,— 05" 4

H +H —H, (5)

H' +0, - HO; ©)

The presence or absence of ¢,y yields directly a change in
O, as described in the reaction (4). Therefore one would
expect that an increased dose rate should yield a higher O,
consumption because of the higher production of e, per sec-
ond. However, because of the competing reaction (3), €y is
removed faster with increased dose rate yielding a lower
steady state of e ;. The lower steady state of e,, means there
is less of Cy available to react with O, via reaction (4). The
same process applies to H*, as described in reactions (5) and
(6).

The amount of radicals produced is given by
G- C~%-t with G being the G-value, C is a constant
(1.04 x 1077 mobg [G] " (Gy/s)™").” 2 is the dose rate and ¢
is the irradiation time. In order to understand if radicals can
self-interact we need to check the mean free path length of the
radicals. The radicals will diffuse for an average path length
Runs of 226+, /Dygr-1,”" with 1, being the half-life and Dy
being the diffusion constant. Typical values for e, are
Dyigr = 4.5 x 10’93}, and 1 :47/43.2]'23 From these values, a
mean free path length of : 1 um can be estimated. Hence, it
becomes clear that the solvated electrons e, diffuse far enough
to interact with each other, ultimately reducing the steady
state’s concentration. Therefore, O, consumption is reduced
with increasing dose rate as observed in our experiments.

The study presented here showed that for FLASH dose
rates, radical recombinations, via reaction (3) and (5), reduce
the oxygen consumption within the medium. In addition, we
observed experimentally that the amount of oxygen con-
sumed by radiation depends also on the particle type and its
LET but further investigation would be needed. For the case
of 10 Gy dose delivery, the amount of oxygen consumed was
0.04% atm - 0.18% atm for 225 kV photons, 0.04% atm -
0.25% atm for 224 MeV protons, and 0.09% atm - 0.17%
atm for carbon ions, dependent on the dose rate [Figs. 5(a)—
5(c)]. The obtained experimental values are in good agree-
ment with other published results of experiments in water,
where oxygen consumption was between 0.26% atm and
0.42% atm™**?” for photon radiation. Recent modeling stud-
ies also yielded oxygen consumption between 0.05% atm and
0.27% atm®>!"" for photon, proton, and carbon ion beams. In
addition, a theoretical prediction by Petersson et al.'” yields
an oxygen consumption in the range of 0.1% atm to 2% atm
for total delivered dose of 10 Gy with FLASH. Applying the
experimental findings and curves of Figs. 5(a)-5(c) onto an
exemplary case of a water phantom with 2% atm O, content,
it is evident that 10 Gy radiation of any analyzed radiation

Medical Physics, 48 (7), July 2021

Jansen et al.: O, consumption in water with x-ray, p, and '2C ions

CHAPTER 4. PUBLICATIONS

3989

type cannot deplete oxygen completely in water [Figs. 6(a)—
6(c)]. It can be concluded, that for higher FLASH dose rates,
less oxygen depletion per dose was observed.

5. CONCLUSION

This study showed that TROXSPS sensors are a suitable
sensor type to measure oxygen consumption during radiation
noninvasively in water phantoms. No total depletion of oxy-
gen was observed for 10 Gy delivery by FLASH irradiation
for photons, protons, and carbon ions. Hence, oxygen deple-
tion is not a suitable mechanism to explain the FLASH effect
alone but rather a reduction of oxygen consumption was
found for higher dose rates which was related to the lower
steady state values of ¢, radicals. The results presented here
are in good agreement with previous data and recent radio-
chemical models but the outcome stresses nonlinear dose
rate dependence of the oxygen consumption, even without
the presence of organic molecules, which is to date not imple-
mented in current models.
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SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Fig S1. (a) Schematic of the conically shaped beam in Fax-
itron225. (b) Dose rate depends proportionally on 1/7%, r
being the distance to the beam source. Fit curve in (b) was
used to determine dose rates close to source.
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