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Abstract

Radiotherapy is a crucial pillar of cancer therapy and ion beams promise superior
dose conformity and potentially enhanced biological effectiveness in comparison to
conventional radiation modalities. However, several factors are known to modify the
biological effect of radiation. The capability to model their impact within a unified
description of radiation action in conventional and ion beam fields would greatly
enhance the ability to prescribe the optimal treatment and improve the knowledge
of underlying mechanisms. To this end, the initial developments of the mechanis-
tic UNIfied and VERSatile bio response Engine (UNIVERSE) are presented in this
work. The effects of radiosensitizing drugs and mutations as well as DNA repair
kinetics were modeled for each radiation quality. For sparsely ionizing radiation,
the sparing effects at ultra-high dose-rates (uHDR) applied in FLASH radiother-
apy were introduced based on oxygen depletion rates approaching measured values.
Benchmarks against own or literature data are presented for each development.
Challenges concerning the transition of oxygen and uHDR effects to ion beams as
well as the vision of personalized biomarker-based patient plan adaptation based on
UNIVERSE are discussed. UNIVERSE offers clinically relevant insights into radio-
biological interdependencies and its versatility will allow it to follow future trends

in radiotherapy.






Zusammenfassung

Die Strahlentherapie ist ein wichtiger Pfeiler der Krebsbehandlung und Ionenstrahlen
versprechen eine bessere Dosiskonformitéat sowie eine potenziell hohere biologische
Wirksamkeit verglichen zu herkommlichen Strahlungsmodalitaten. Es ist jedoch
bekannt, dass verschiedene Faktoren die biologische Wirkung von Strahlung im
beeinflussen. Die Moglichkeit, ihre Auswirkungen im Rahmen einer einheitlichen
Beschreibung der Strahlenwirkung in konventionellen und Ionenstrahlfeldern zu mod-
ellieren, wiirde die Fahigkeit, die optimale Behandlung zu verschreiben und das
Wissen iiber die zugrunde liegenden Mechanismen erheblich erweitern. Zu diesem
Zweck werden in dieser Arbeit die ersten Schritte der Entwicklung des mechanis-
tischen UNlIfied and VERSatile bio response Engine (UNIVERSE) vorgestellt. Die
Auswirkungen von radiosensibilisierenden Medikamenten und Mutationen sowie die
DNA-Reparaturkinetik wurden fiir jede Strahlungsqualitiat modelliert. Fiir locker
ionisierende Strahlung wurden Schonungseffekte bei ultrahohen Dosisraten (uHDR),
wie sie in der FLASH-Strahlentherapie angewendet werden, auf der Grundlage von
Sauerstoffzehrungssraten, die sich gemessenen Werten nahern, eingefiithrt. Fiir jede
Entwicklung werden Benchmarks mit eigenen oder Literaturdaten vorgestellt. Her-
ausforderungen beziiglich des Ubergangs von Sauerstoff- und uHDR-Effekten zu
Ionenstrahlen sowie der Vision einer personalisierten, auf Biomarkern basierenden
Anpassung des Patientenplans auf der Grundlage von UNIVERSE werden disku-
tiert. UNIVERSE bietet klinisch relevante Einblicke in strahlenbiologische Zusam-
menhange und wird aufgrund seiner Vielseitigkeit auch zukiinftigen Trends in der

Strahlentherapie folgen konnen.
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Chapter 1

Motivation

In his book The Emperor of All Maladies - A Biography of Cancer [1], Siddhartha
Mukherjee shares the fascinating story of an ancient scroll that emerged in 1862 and
was translated in 1930. It is thought to contain the collected teachings of Imhotep,
an ancient Egyptian physician that lived around 2625 BC. In it, Imhotep reports
48 medical cases ranging from fractures to abscesses in a methodical and empirical
language far ahead of his time. For each of the presented cases he describes his
recommended therapy, even if it is only of palliative nature. Only in his 45th case,
his remark concerning a possible therapy is as brief as it is sobering: “[There] is
none.” Case 45 is currently the oldest known written description of breast cancer.
Fortunately, thanks to modern medicine and its advancements in cure and detection,
the prospects for cancer patients have greatly improved: Breast cancer patients for
example faced an average five-year survival rate of 89.7% between 2007 and 2013 in
the United States [2]. Nevertheless, in 2018, an estimated 18 million new cases and
about 10 million deaths were connected to cancer. Furthermore, it is predicted that
the number of new cases per year will increase to a range of 29-37 million by 2040 [3].
In many high income countries, cancer is even about to surpass cardiovascular dis-
ease as the leading cause of death and is expected to develop into a leading cause of
death and morbidity around the globe throughout the coming decades [4-7]. These
developments are thought to be driven by growing and aging populations, as well
as the reduction of mortality by other causes [4].

About every second cancer patient is estimated to receive some type of radiother-
apy throughout his treatment, making it one of the most frequently applied tools

of oncologists. Often, it is applied in combination with other treatment modalities



such as surgery or chemotherapy but is of special importance when surgery is not an
option [8-10]. Roughly speaking, the rationale of radiotherapy is to apply ionizing
radiation to the tumor cells to induce damages in their DNA, impeding their ability
to replicate. Normal tissue cells surrounding the tumor commonly exhibit slightly
higher repair capabilities, often allowing them to tolerate somewhat larger doses of
radiation. This can lead to an exploitable therapeutic window, where the probabil-
ity to control the tumor outweighs that of inducing normal tissue complications at
certain doses [11].

Only about 60 days after Rontgens announcement of his discovery of the X-rays [12],
on January 29th, 1896, E.H. Grubbe applied them for one hour to a patient with
ulcerated breast cancer [13, 14]. In the more than 125 years that have passed since,
technological advancement have greatly improved the accuracy of dose application
to tumors and significantly reduced the amount of dose given to the surrounding
healthy tissue by introducing - among other things - high-precision collimation of the
beam and its application from multiple angles [11]. The latter approach especially
addresses one key challenge of conventional photon radiotherapy: The applied dose
within matter decreases exponentially with depth (after a short build-up region) for
photon beams, inevitably leading to dose being deposited in front and behind of the
tumor along the irradiation axis. In stark contrast, charged particles deposit most
of their dose at the end of their finite range, leading to the so-called Bragg-peak
(Figure 1.1) [15]. Furthermore, depending on their charge and kinetic energy, ion
beams exhibit increased biological effectiveness compared to conventional photon
beams [15, 16]. The idea to treat tumors with charged particle beams was first
formulated by Wilson in 1946 [17] and first treatments with protons (and later he-
lium ions) began in 1954 at the Lawrence Berkeley Laboratories (LBL) [15]. With
only a few proton therapy centers being opened in that time period, the Bevatron
at LBL was the only facility applying heavy ions (mostly Neon ions) between 1975
and 1992 when it closed [11, 15, 18]. Up to that point, treatment facilities utilized
existing accelerators used primarily for physics experiments, but in the 90s the first
dedicated medical accelerator facilities were opened in Loma Linda, USA (1990) and
Chiba, Japan (1994) [11, 18]. The number of facilities has started to grow rapidly
since [18] and technological breakthroughs, such as the development of active beam
scanning techniques at the Paul-Scherrer-Institut (PSI), Switzerland [19] and the
Gesellschaft fir Schwerionenforschung (GSI), Germany [20], have further improved
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Figure 1.1: Depth-dose profiles of ®°Co ~-radiation, megavolt photons, and '2C ions
in water. Taken from [15].

dose conformity [15]. The Heidelberg lon Beam Therapy Center (HIT) treated its
first patient in 2009 [21]. Currently, there are about 100 ion beam therapy facilities
in active clinical use, around 40 in construction and another approximately 30 in the
planning phase worldwide [22-24]. While ion beam therapy has shown promising re-
sults in clinical practice [11, 15, 25|, according to the Particle Therapy Co-Operative
Group (PTCOG), only about 300.000 patients have been treated with it between
1954 and 2020, about 40.000 of them in the year 2019 [26, 27]. These numbers
appear minuscule when considering that about half of the 18 million new cases in
2018 alone will - or have already - received some form of radiotherapy during their
treatment, as mentioned earlier.

With its later and less widespread introduction into clinics, as well as limited num-
ber of accessible experimental setups, significantly less experience and data has been
accumulated using ion beams compared to conventional photon radiation, leading to
sparser measurements and understanding of its biological effects. This is especially
the case for the number of different, more or less well established, modifiers of radi-
ation action such as the oxygenation of the irradiated system, interference with the
DNA damage repair process by drugs or mutations, presence of radical scavengers
and the applied dose-rate: Low levels of oxygen in living cells and tissue (hypoxia) is

well known to induce radioresistance and is thought to be responsible for a consider-



able amount of treatment failures in radiotherapy [8, 28, 29]. The inhibition of DNA
damage repair (DDR) proteins generally increases the biological efficacy of radiation
and tumors with known deficiencies in central DDR enzymes have been found to
be treated with an improved success rate via radiotherapy [30-35]. Pharmaceutical
DDR inhibition has thus been suggested as a possible approach to increase tumor
control [36] or even to overcome hypoxia induced radioresistance [37], leading to
numerous drugs being developed that target key DNA repair enzymes [38-42|, with
some having progressed in to pre-clinical [43-46] and clinical trials [45-47]. In con-
trast, radical scavengers have the ability to neutralize radiation induced radicals, a
highly reactive chemical species that can mediate large parts of the radiation induced
DNA damage [48-51], and have thus been considered for application as radiopro-
tectors in normal tissue [52-54]. At sufficiently low dose-rates, the repair of DNA
damages during the irradiation can lead to an increased radio-resistance of cells and
tissues [55]. On the other hand, also ultra-high dose-rates have been found to have
a sparing effect as early as in the late 1960s [56, 57]. The latter effect has re-gained
significant interest since the first reports in the mid-2010s of an apparent absence of
the sparing effect in tumors, while normal tissue sparing was still retained, promis-
ing a widening of the therapeutic window [58-60).

A theoretical framework versatile enough to describe and predict the effect of the
different modifiers under a unified model of radiation action for conventional and
ion beam radiation could greatly improve the capabilities to give patients the best
possible care. It may be able to support the choice and planning of the appro-
priate treatment modality - possibly based on personalized readouts - and help to
understand the underlying radiobiological mechanisms, which might be exploitable
to progress this crucial pillar of cancer care as a whole. This thesis and the con-
tained developments are meant to be a first step towards the development of such
a framework. Its main concept and outline will be elaborated in Chapter 3, after
covering some physical, technical, biological and biophysical modeling fundamentals

underlying the presented work in the following chapter.



Chapter 2

Fundamentals

2.1 Physics of Radiation Therapy

2.1.1 Fundamental Physical Quantities

The most fundamental quantity in radiation therapy physics is the absorbed dose D.
It is defined as the mean energy dé imparted per unit mass dm delivered by ionizing

radiation [48, 61]:
_ de

dm

D [D]=J kg ' = Gy. (2.1)

The special unit name is defined as Gray (Gy).

The fluence ® of a particular radiation field is defined as the number of particles

dN passing a cross-sectional area dA of a sphere [61]:

_dN

*=7a

[®] = m™2. (2.2)

The mass stopping power % acting on a charged particle beam within a given

material is characterized as,

1dE
e S R 2

with the mean energy lost by the charged particle dE per unit distance dl, while

traversing a material of density p [61]. The mass stopping power can be broken
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down into three independent contributions:

S_1(dE\ 1 (dE\  1(dE (2.4)
p Bl p dl el P dl rad P dl nuc‘ '

The first term is called the mass electronic stopping power. It represents the energy
loss caused by interactions of the ions with electrons of the target atoms, leading
to the ionization or excitation of the latter. The second term, the mass radiative
stopping power, covers the emission of bremsstrahlung within the electric field of the
target atoms or their electrons. The last term, the mass nuclear stopping power, in-
troduces the elastic Coulomb interactions with atomic nuclei of the target. The name
of this contribution can be misleading as it does not include any inelastic nuclear
interactions, which can be highly relevant for many applications of ion beams [61].
Using the fluence of a particle beam and the mass stopping power within a target,

the resulting deposited dose can be written as [15]:

o (2.5)

D=2
p

Another central quantity in the field of radiation therapy physics is the so called
linear energy transfer or LET. It is closely related to the mass electronic stopping
power and is defined as:

dEA

La = 77 (26)

where dFEx is specified to be “the mean energy lost by the charged particles due to
electronic interactions” over the distance dl, “minus the mean sum of the kinetic
energies in excess of A of all the electrons released by the charged particles” [61].
The energy cutoff A acts as a measure of the locality of the energy deposition by
the ion, as it puts a limit on the range of freed electrons that are included into
the measure. Therefore the LET is thought to be a measure for the ionization
density caused by charged particles within a medium [48]. In practice, one mostly
encounters the so called unrestricted LET, L., or often simply L, where A = oo.
In this thesis LET will be used synonymously to the unrestricted LET. In this case
the LET is by definition equal to the electronic stopping power Se; [61]. In radiation

1

therapy physics the LET is commonly given in the units keV um™", while in other

fields units of MeVem?g~! are more widespread.
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2.1.2 Interaction of Photons with Matter

At photon energies typical for medical applications three mechanisms dominate the
interaction between the impinging photons and the target [49](energies are given
for the case of a water target): Below an energy of 30 keV the photoelectric effect,
where the entire energy of the photon is absorbed to free a bound electron, is the
dominant process. The free electron carries the difference between the photon en-
ergy and the binding energy as its kinetic energy. Between photon energies of 100
keV to 2-3 MeV, Compton scattering dominates. In this process only a part of the
photons energy is transferred to the electron and the remaining energy is carried
by a scattered photon. At these energies, the binding energy of the electron can be
neglected so that the electron is thought to carry the transferred energy away as its
kinetic energy. At photons energies above double the rest energy of an electron (
= 1.022 MeV), the photons can interact with the electromagnetic field of the target
atoms to form an electron-positron pair. This process is called pair production. Any
photon energy exceeding this threshold is transferred as kinetic energy of both par-
ticles. Although the process is theoretically possible at energies above 1.022 MeV,
the process only becomes dominant at energies above approximately 10 MeV [49].
The energy deposition of a photon beam along its depth in a medium can be de-
scribed using the Lambert-Beer law, which describes an exponential absorption of
the photon beam via the processes described above [48, 49]. However, the produced
free electrons are the main mediator of the ionization process, while the direct ion-
ization by photons is negligible. This is why photon radiation is also considered
indirectly ionizing radiation [48]. As a result, the energy transferred to the medium
by the photons is deposited slightly downstream along the beam direction carried by
the electrons. This leads to the so called build-up effect at the proximal end of the
depth-dose profile that transitions into the exponential decay described earlier. The
resulting peak is shifted by about the mean free path length of the free electrons
from the entry point to the medium [48, 49](Fig. 2.1).

2.1.3 Interaction of Ions with Matter

The deceleration of ions in matter is dominated by inelastic collisions with the
electrons of the target within the energy range applied in radiotherapy (up to 430

MeV /u for carbon ions) [15]: In a statistical process, the ion ejects target electrons
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Figure 2.1: Depth-dose profiles of photon beams with different energies in water.
The y-axis shows relative dose and the x-axis the depth in cm. Note that the peak
shifts with photon energy. Taken from [49].

via Coulomb interactions. These so called secondary electrons subsequently travel
through the medium and interact through elastic and inelastic collisions with sur-
rounding atoms and molecules. The elastic collisions do only lead to a deflection
of the electrons path, while the inelastic collisions lead to ionization and excitation
events. These interactions result in a heterogeneous track structure surrounding the
ion trajectory, comprising a spectrum of secondary electrons [15]. In Figure 2.2 a
visualization of such an ion track structure is shown, which was produces using a

Monte Carlo simulation.

The radial form of the dose deposition surrounding the ion track, the so called
radial dose distribution (RDD) is important for a number of applications includ-
ing the prediction of the response of detectors [62, 63] and the description of their
biological effect [64]. Experimental studies using gas chambers, analytical models
as well as Monte Carlo simulations agree, that the RDD decreases with the radial
distance from the track r following a T% dependency [15, 65, 66]. However, experi-
mental data only exists down to a radial distance of about 0.8 nm [65].

Kiefer [67] applied classical collision dynamics (quantum mechanical effects were
neglected) to derive the energy density in the RDD and an approximate expression

of the maximum range of secondary electrons, which defines the maximal extent of
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Figure 2.2: Visualizations of a microscopic track structure simulated by the TRAX
Monte Carlo code for a 1 MeV /u carbon ion. The lines depict the tracks of individual
secondary electrons. Taken from [15] (Image courtesy Michael Kraemer).

the RDD 7,4, (in pm) as [66]:
Tmaz = VE°, (2.7)

where v = 0.062, § = 1.7 and E is the particle energy in MeV /u.

Further, Chatterjee [68] supposed that half of the energy deposition by the ion is
accounted for by glancing collisions that transfer the energy into a small core of the
RDD with constant energy density, while the other half is deposited in the so called
penumbra (r~2- region) by secondary electrons produced by close collisions. Based

on this equipartition, he derived the radius of a core region r,,,:

T'min = ﬁ *Te, (28)

where 3 = 7, where c is the velocity of light and v is the velocity of the projectile
and 7. is the maximum core radius that was derived to be r., = 11.6nm.
The two most prominent parametrizations of the resulting RDD are the Geifl and

Kiefer-Chatterjee parametrization [64, 66](Figure 2.3).

In the Geifl parametrization [62] the penumbra is directly attached to the core
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Figure 2.3: Radial dose distributions of 377 Mev/u neon ions (upper panel) and 2.57
MeV /u oxygen ions. The dash-dotted line (CR03) shows the Geifl parametrization
using a constant core radius of 3nm, while the green solid line (EDR11) and the
black dotted line (EDR40) show the Geifl parametrization with an energy dependent
core radius based on an r. of 11.6nm and 40nm, respectively. The corresponding
Kiefer-Chatterjee parametrization is shown as a red dashed line (KC). The Monte-
Carlo simulation used to produce the RDD in magenta is described in [69]. Taken
from [66], where the data was taken from [70, 71].

region and the dose in Gy at a distance r from the track center can be written as:

Dc r S T'min
D(r) = (2.9)

N2
Dc (Tmm) Tmin < T S Tmaz»

where D, is the dose in the core region.

The Kiefer-Chatterjee model is given by [66]:

Do = (LEL — 27k, In (22)) 7 < iy
D(r) = min \ P i (2.10)

2
1.25-1074 (%) r2 = Kp cr? Tmin < T < Tmaz,

where the expression for the penumbra region is based on the derivations of Kiefer [67]

10
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mentioned earlier and Z* is the effective charge, which will be defined further below.
For both parametrizations, the value of the finite core dose D, is determined nor-

malizing the area integral of the RDD to the value of the electronic stopping power:

1 dE /‘T'maz
Y — =27 D(r)rdr. 2.11
. ( . ) " b (2.11)

The electronic stopping power for an ion is described by the Bethe-Bloch formula

shown here in the relativistic version derived by Fano [15, 72-74]:

dE Ame' Z, 2} 2m,v? ) , C 0
(W)d -T2 [m (—<I> ) “nm(l-) - -5 1)

The parameters m. and e describe the mass and charge of an electron, respectively,
Z, and Z; describe the nuclear charges of the projectile and target atoms and (I)
the mean excitation potential of the target material. (I) can be estimated by (I) ~
12V - Z 4 7eV for Z < 13 [75] or taken from experiments [15]. The term C'/Z; and
/2 represent the shell correction and density effect correction, respectively.

At low energies ions can pick up charge from their environment as a product of
ionization and recombination processes, so that their charge is reduced to an effective

charge Z* for which Barkas [76] found the following empirical expression [15]
Z* =7, [1 —exp (—12582,%%)] . (2.13)

At very low energies (< 10keV/u), elastic collisions with the target nuclei begin to
contribute to the energy loss and thus to the stopping process of the projectile to a
significant degree [15]. However, their contribution to the overall dose deposition is
negligible in the context of radio therapy [77]. Figure 2.4 shows the energy depen-
dent stopping power for protons and carbon ions as well as for the electronic and
nuclear stopping processes. The described dependencies between the velocity and
the energy loss of a particle result in the distinctive inverse depth-dose profile of
charged particles referred to as a Bragg-Peak (Figure 2.5).

The contribution of the radiative stopping power can be neglected within the en-
ergy ranges applied in ion beam therapy as well. This is based on the fact, that
the bremsstrahlung mechanism is only of significance when the kinetic energy of the
charged particle begins to be in the order of its rest energy Ey = my - ¢, where my

is its rest mass. With applied kinetic energies of up to ~ 220 MeV/u for protons

11
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Figure 2.4: Stopping power of C-12 ions and protons in water. The residual range
of the C-12 ions corresponding to their energy is shown as the top x-axis. Taken
from [15].

and helium ions as well as ~ 430 MeV/u for carbon ions [15]) and 1u ~ 932 MeV

this is not to be expected for conventional ion beam therapy [48].

Inelastic nuclear interactions, i.e. fragmentation events, are another important
aspect of ion beam interactions with the target medium. While, their probability
(mean free paths of 85.2 cm and 20.8 cm for protons and carbon-ions with residual
range of 25 cm, respectively [15]) is significantly lower than that of inelastic elec-
tronic interactions it results in a reduction of primary particles and an accumulation
of lower-7Z fragments, mostly hydrogen and helium nuclei. The amount of accumu-
lated fragments increases steadily with the penetration depth. Fragments move with
velocities comparable to that of the primary particles and they are ejected mainly
in forward direction. As a result, the produced fragments are able to travel far-
ther than the primary particles, leading to a so called dose tail behind the actual
Bragg peak (Figure 2.6) [78, 79]. The inelastic collision events at high energies are
frequently described in as two-step process called the abrasion-ablation model [81]
(cp. Figure 2.7): In the first step the nucleons are abraded inside the overlap region
between the two colliding nuclei and form a fireball. The nucleons outside of the
overlap region are thought to be excited. In the second step, the excited remains of

the nuclei deexcite, by releasing single or clustered nucleons.
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Figure 2.5: Depth-dose profiles of ®°Co ~-radiation, megavolt photons, and '2C ions
in water. Taken from [15].

2.1.4 Interlude: Interaction of Electron Beams

As data of cell survival after irradiation with electron beams will be included in this
thesis, some brief remarks concerning distinct features of the interactions of electron
beams shall be made here: While collision with large impact parameters between
projectile and target electrons can be described in the same way as for ions, at
small impact parameters Mgller scattering needs to be considered. Furthermore, the
maximum energy transfer is limited to half of the beam energy, due to the fact that
both collision partners are indistinguishable. These considerations result in slightly
modified version of the Bethe-Bloch equation that was given earlier (Equation 2.12).
In addition, the density correction and energy loss via radiative stopping play a larger
role for electron beams than for ions. Due to their smaller mass, scattering events
can lead to larger scattering angles and depending on the target material even to
significant back scattering of electron beams. These effects result in a less localized
depth dose profile of electron beams in comparison to the bragg peaks of ions [11]
(Figure 2.8). At energies commonly applied in medical physics, electron beams are

considered low-LET /sparsely ionizing radiation [49].
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Figure 2.6: Bragg peak of 670 MeV /u ?°Ne ions in water. Experimental data ob-
tained at GSI are shown as black cirecles. Solid lines show contributions of primary
ions, secondary and tertiary fragments. Taken from [15], where it was adapted
from [80].

projectile fragment

projectile N % 7 evap.

\A - < ; V=,

- . \ p.d.t
- fireball o

1 o n

target
target fragment

Abrasion Ablation

Figure 2.7: Visualization of the two-step abrasion-ablation model at high energies
according to Serber [81]. Taken from [15], where it was adapted from [82].

2.1.5 Precision Dose Delivery with Ion Beams

The distinct shape of the Bragg peak allows for precise dose delivery inside a target
volume using ion beams [21]: The position of the peak in depth can be varied by
the set initial energy of the projectile ions. Following the continuous slowing down
approach (CSDA) the range of a particle R with the initial energy E can be written
as [49]:

R(E) =1 /0 aB' (2,). (2.14)

However, as the energy loss is a statistical process, the range of a group of particles
with the same initial energy follows a distribution. The energy loss follows an

asymetric Vavilov distribution [84], which converges to a Gaussian for a large amount
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Figure 2.8: Depth dose profiles of electron beams with different initial energies in
water. Taken from [83].

of collision events [15]. Ultimately, the range of charged particles follows a Gaussian

with the variance o that is characterized by [15]:

OR X R\/LM, (2.15)
where M is the projectiles mass. This shows, that the spreading effect increases
with depth and is less pronounced for heavier ions. This spread of the bragg peak
along the beam axis is also called range-straggling [15]. Besides the spread in beam
direction, Coulomb scattering of the projectiles with the target nuclei also widens
the beam laterally. While Bothe [85] worked out the statistical distribution of the
scattering angles at a given depth, Moliere [86] was able to provide an analytical
solution of the equations. In Highlands [87, 88] approximation only small scattering

angles are considered and the angular distribution becomes a Gaussian distribution

with a standard deviation of [15]

14.1 MeV d 1 d
(o] [rad] = WZP I J |:1 + 510g10 (L—d)‘| s (216)

where p is the projectiles momentum, d the thickness of the absorber and L,.q its
radiation length, which introduces the material dependency of the spread. The
(5pc)2 term shows, that for particles with higher kinetic energies the spread is less

pronounced.
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Regarding the technical beam delivery to the patients one differentiates between
passive and active beam delivery systems: While passive systems shape the beam
using a number of devices, which absorb or scatter an otherwise rigid beam into
the desired form, active systems guide the ion beam laterally using fast scanning
dipole magnets. By applying a coordinated ensemble of Bragg peaks with different
ranges a spread out Bragg peak (SOBP) with a constant dose throughout the volume

can be realized [15] (Figure 2.9). These techniques allow for a higher precision of
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Figure 2.9: Visualization of the principle of a spread out Bragg peak (SOBP, red
line), that is the sum of a composed group of single Bragg peaks (blue lines). The
depth dose profile of a 10 MV photon beam (black line) is shown as a reference.
Taken from [89)].

dose application to the tumor in comparison to conventional treatment modalities,
promising improved tumor control and reduced normal tissue complication proba-
bilities. This makes ion beam cancer therapy especially favorable in cases where the

tumors are located deep inside the patient with organs-at-risk nearby [90].
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2.2 Technical Fundamentals

2.2.1 Monte Carlo Method

The vast range of applications and forms of simulations applying the Monte Carlo
method (MCS) make it difficult to give a precise and concise definition or description
of the concept. At the core, MCS are mathematical models driven by the generation
of random objects or processes by means of computational devices [91]. They are
often employed, when the investigated system is too complex to be formulated in
manageable mathematical equations or their solution is not easily obtainable by
analytical methods [92]. Most often, random values are assigned to variables at given
steps of the modelled process, based on known or estimated probability distributions.
The simulation or a simulation step is then repeated for many iterations to obtain
estimates on metrics of interest and their possible range of variance [91, 93]. In
physics, MCS can be used to describe processes that are intrinsically random (e.g.,
radioactive decay) or can be treated as random for “all intents and purposes” (e.g.,
brownian motion) [94]. The first known use of MCS in the context of particle
physics involved the prediction of random neutron diffusion processes as part of
the development of the nuclear bomb in the Manhattan Project [92, 93]. In this
work, some analyses are based on the radiation transport Monte Carlo code FLUKA
(Fluktuierende Kaskade) [95, 96], which is able to accurately simulate the passage of
radiation through user-defined geometries and materials based on interaction cross-
sections. Furthermore, the Monte Carlo method will be used frequently to simulate
key processes within the presented modelling framework, such as the induction and

repair of DNA damages or the position of charged particles passing the nucleus.

2.2.2 GPU Computation

While MCS have become versatile and valuable tools within and outside of science,
depending on the investigated system, a large number of iterations is needed to
achieve the desired accuracy of its results. This has made the appropriate com-
putation speed a central point of concern for any application of the MC method.
However, if the single iterations are independent of each other, as is the case in
the simulations developed within this thesis, they can in principle be calculated in

parallel. In order to do so, some of the most computationally intensive codes within
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this work were realized with the CUDA C++ toolkit (NVIDIA, Santa Clara, CA,
USA) to be run on Graphics Processing Units (GPUs) manufactured by NVIDIA
(Santa Clara, CA ,USA). As the main code developed in this work is written in
Python 3 [97] the pycuda tool [98] was used to integrate the GPU code into the
framework. Conventional codes are run on the Central Processing Unit (CPU) of a
computer, which is designed to perform computations sequentially at high speed. In
contrast, GPUs can include several thousands of processing units, which can carry
out calculations virtually in parallel. Although the single processing units on a GPU
are less powerful than those found on a CPU of a comparable generation, the over-
all computations speed of parallelizable codes can be improved dramatically when

implemented on GPU [99].

2.3 Biological Effect of Ionizing Radiation

Some of the subsections in this section (Section 2.3) are, to a varying degree, based
on an unpublished report with the title Radiobiology of the Cell written by the
author for the Seminar on Medical Physics in the winter semester 2017/2018 given

by Prof. P. Bachert and Prof. J. Seco at the University of Heidelberg.

2.3.1 Fundamental Mechanisms and Effects of Ionizing Ra-
diation in the Cell

Cell Structure

Human cells belong to the category of eukaryotic cells (Fig. 2.10) and are enclosed
by a double lipid layer called the plasma membrane. Within the cells, functional sub-
compartments, so called organelles, are again surrounded by their own membranes.
The most important cellular organelles are the endoplasmic reticulum (ER), the
Golgi-apparatus, the mitochondria, the lysosomes, and the cell nucleus. Within the
cell, the organelles are surrounded by cytosol, a solution of proteins, nucleid acids,
sugars, lipids and other compounds comprising about 80% water. There are two
types of ER, the rough ER (RER) and the smooth ER (SER), which can both
be generally described as a network of membranes. While the membranes of the
RER are lined with ribosomes, responsible for the synthesis of proteins, the SER is
free of them. The exact roles of the SER are cell type dependent and can include
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the production of specific hormones or the storage of calcium. The main tasks of
the Golgi-apparatus lies in the modification of compounds produced in the ER,
the management of the complex vesicle transport within the cell as well as the
synthesis and processing of membranes. The appearance of the Golgi-apparatus is
often described as a stack of ”sack-formed cisterns”. Mitochondria, often dubbed
the power house of the cell, harbor the Krebs-Cycle and respiratory chain. These two
biochemical processes are responsible for the production of adenosine triphosphate
(ATP). The high energy contained in the chemical bonds of ATP is harnessed as a
general source of energy throughout the cell. Carrying a concoction of specialized
enzymes, the tasks of lysosomes encompass the digestion of nutrients and dissolution
of cellular components if cells need to be restructured. In contrast to prokaryotic
cells, the nucleus of an eukoryotic cell is surrounded by another membrane, called
the nuclear envelope. The finishing steps of ribosome production take place in the so
called nucleolus within the cell nucleus. Most importantly, the cell nucleus contains
the chromatin structure, which is a combination of a plethora of auxiliary proteins

and the DNA that encodes our genetic information [48, 100].
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Figure 2.10: Schematic of an eukaryotic cell. Taken from [101].

Direct and Indirect Damage

Damages inflicted on cellular components by ionizing radiation are generally di-
vided into direct and indirect damage. When a macromolecule directly interacts

with a component of the radiation field and is damaged in the process, one speaks
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of direct damage. In contrast, indirect damage is mediated by highly reactive chem-
ical species (e.g.radicals). These are produced via radiolysis in the cytosol and
primarily include: eqq, H*, HO®, HT,OH~, Hy, HyO, [48], where the effect of the
hydroxyl radicals HO® is often seen as the main mediator of damage [102]. The
timescale in which direct damages take place is about 1071%s to 107**s, while the
timescale of indirect damages being induced has been found to be about 107!2s to
10755 [48, 49]. Furthermore, it was shown, that the contribution of the indirect
damage to cell killing decreases with increasing LET of charged particle irradiation

(Figure 2.11) [103].
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Figure 2.11: The contribution of the indirect damage to cell killing reduces with
increasing LET for charged particles. Taken from [103] includes data from [104].

Primary Effects of Ionizing Radiation

Outside of the cell nucleus, lipids and proteins are the two most important types of
macromolecules damaged by ionizing radiation. Damage inflicted on lipids can cause
numerous issues connected to the central role they play in membranes, including the
disruption of ion gradients and transmembrane processes, the uncontrolled increase
in permeability of membranes as well as the altered activity of membrane-associated
proteins. This so called lipid stress can trigger cell apoptosis and in severe cases even
membrane lysis and necrosis!. Proteins that are damaged by ionizing radiation
can, to varying extent, lose their functionality [105], which can potentially disrupt

biochemical processes such as synthesis, transport and signaling. Ultimately, the

IThese types of cell death will be discussed further below.
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cell is able to withstand large amounts of damages inflicted on lipids and proteins,
primarily due to their large initial amount and the possibility of replacing them via
resynthesization [106]. This is however not the case for the DNA, which makes the
cell nucleus up to 10° times more radiosensitive in comparison to the rest of the

cell [49, 106].

2.3.2 DNA Damage: Types, Response and Consequences
DNA Structure

The general structure of the DNA molecule (Fig. 2.12) comprises a double-helical
polymer of sugar-phosphate compounds that are connected by pairs of nitrogenous
bases: the purine bases adenine and guanine as well as the pyrimidine bases thymine
and cytosine. Each base has a fixed counterpart: Adenine and thymine are cou-
pled by a double-hydrogen-bridge-bond, while guanine and cytosine are linked by
a triple-hydrogen-bridge-bond (Fig. 2.12). The sequence of these base pairs within
the DNA encode the genetic information of an organism [48]. The diameter of the
DNA-molecule is about 2nm and the double-helix takes a full turn every 10 base

pairs (bp), corresponding to about 3.4nm [100].

nitrogenous bases:
E adenine
=X thymine
EED guanine
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Figure 2.12: left: The double-helical structure of the DNA molecule. right: The
chemical structure of the sugar-phosphate backbone and linking base pairs. Taken
from [107].

Within the cell nucleus, the DNA is found in a modified and condensed state,
which ultimately shortens its extension by a factor of about 10000 (Fig. 2.13). In an
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initial step, the DNA is partly wrapped around specialized proteins called histones,
leading to the so called beads-on-a-string form. Subsequently, this structure is fur-
ther coiled up in to a solenoid form with a diameter of about 25 — 30 nm. When the
cell initiates cell division (mitosis), the structure is further coiled up into a super-
solenoid with a diameter of about 700 nm. Outside of mitotic phases, actively used
parts of the DNA are kept in a more relaxed and extended form (euchromatin), while
less active portions are kept in the high condensation form (heterochromatin) [48,

100].
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Figure 2.13: The different levels of compactification of the DNA. Taken from [108].

DNA Damage Types and Response Mechanisms

Depending on the location and the type of damage, the cell activates different re-
pair pathways. Damages can either affect the linking bases or the sugar-phosphate
backbone of the DNA. In the former target, ionizing radiation can lead to mismatch
of the bases or their chemical alteration, the loss of an entire base, a pyrimidine
dimerisation (bond between neighboring pyrymidine bases) or a base crosslink. Base

mismatches are routinely double checked during DNA polymerization and chemical
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alterations can be directly detected and repaired by specialized enzymes. For the
other damage types a more complex repair machinery is activated. If only one base
is damaged (e.g. a base loss), the corresponding location is detected by the glykosy-
lase enzyme and the damaged base is replaced by the collected effort of numerous
enzymes, including the insertase enzyme. The so called short-strand excision path-
way is activated if several base pairs are damaged in close vicinity. In this case the
endonuclease enzyme is responsible for removing the DNA strand containing the
damaged base pairs. After the removal, the DNA-polymerase resynthesizes the cor-
rect base sequence based on the corresponding base pairs on the other DNA strand.
Ultimately, the DNA-ligase connects the ends of the repaired sequence to the sur-
rounding DNA. However, in the case that the cell was not able to repair such base
damages before entering cell division, it can activate the so called postreplicative
recombination repair if the DNA has already been replicated. In a process called
partial recombination, the intact DNA sequence homologous to the damaged area
is then transferred from the sister strand to the location of the damage. As a conse-
quence, both double strands contain one intact and one damaged base combination,
which can finally be resolved via short-strand excision repair [48].

Also for damages in the sugar-phosphate backbone of the DNA, several distinct
types of damages and responses exist. Breakage of only one DNA strand is termed
a single strand break (SSB) and are detected by the poly-(ADP-ribose)-polymerase
(PARP) enzyme. Their detection triggers a repair machinery comparable to that
of the short strand excision repair mentioned earlier, where the site surrounding
the damage is cut out and resynthesized based on the undamaged opposing DNA
strand [48, 109]. The damage that is thought to be the most lethal type of DNA
damage, which triggers a highly complex response, including numerous detection,
mediation and repair mechanisms [48, 109, 110] is the breakage of both DNA strands
in close vicinity, a so called double strand break (DSB). While the cellular response
to DSB goes far beyond it, a possible part of its effort to repair the induced damage
could look as the following (Fig. 2.14): After the DSB has been detected by the
Mrel1-Rad50-Nbs1-complex protein (MRN-complex), it begins to recruit the pro-
tein kinase atazia telangiectasia mutated (ATM) to the damage site. ATM is the
starting point of two pathways: Firstly, it activates the checkpoint kinase 2 (chk2),
which in turn leads to the stabilization of the p53 protein. The stabilized p53 then

fulfills its role as a transcription factor of p21, leading to its increased expression.
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The p21 enzyme inactivates the cyclin dependent kinase 2 (cdk2), which arrests the
cell cycle. This grants the cell additional time to process the DSB. Secondly, ATM
facilitates the phosphorylation of the histone protein H2A4.X to yH2A. Through a
certain signaling cascade this leads to the recruitment of 53BP1 enzymes to the
damage site. Depending on the activity of 53BP1 the cell chooses between the two
main DSB repair pathways: non-homologous end-joining (NHEJ) and homologous

recombination (HR) [100, 111, 112].
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Figure 2.14: One possible pathway of DSB response, leading to cell-cycle arrest and
initiation of damage repair. Created based on [100, 111, 112].

The HR repair pathway goes through four major phases (Fig. 2.15). In the first
phase, the free ends of the broken double strands are resected and prepared. In
the second phase, the double strands that have been damages by the irradiation
invade the undamaged sister-chromatin at the location homologous to the damaged
sequence. Thus, the cell can only resort to HR in phases where the DNA has al-
ready been replicated and the cell division has not yet been completed. In the third
phase, based on the information on the sister-chromatin, the resected sequence on
the damaged chromatin is resynthesized. In the final phase, the so called Holliday
junctions that resulted from the strand invasion are resolved [16, 48]. Noteworthy
enzymes involved in the HR repair pathway are the breastcancer 1(BRCA1), breast-
cancer 2(BRCA2) and Rad51 proteins [8, 46, 112].

In contrast to the HR pathway, the NHEJ repair process is possible even without
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Figure 2.15: The key steps of homologous recombination repair. Modified from [48].

the presence of a sister-chromatin. Thus, it is available throughout each cell cycle
phase and is responsible for the majority of the DSB repaired in a cell [16]. In the first
phase after the initiation of NHEJ repair (Fig. 2.16), Ku70 and Ku80 proteins attach
to the open ends of the double-strands. Their main role is to recruit copies of the
DNA dependent protein kinase catalytic subunit (DNA-PKcs), which in turn triggers
a response by other repair proteins such as the MRN-complex or Artemis. These
enzymes then proceed to process the open ends of the double-strands. Following
this preparation, the Ligase IV reconnects the severed ends of the DNA double-
strands [16, 113]. While it allows the NHEJ to be active throughout the cell cycle,
the absence of an intact blueprint makes it an error-prone repair in comparison to
HR. The efficiency of NHEJ repair is thus reduced for complex DNA damages that

might include several lesions in close vicinity [16].

Protection &
Recruitment

Ku70/Ku80
DNA-PK
MRN MRN
End Processing
ARTEMIS
Ligase IV

* Ligation

Figure 2.16: The key steps of non-homologous end-joining. Reconstructed from [16,
113).
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DNA Damage Consequences

If the cell is unable to properly repair DNA damages by the processes mentioned
earlier, it can have various consequences. One of the possible effects might be the
alteration of the stored genetic information leading to mutations that might modify
the structure and functionality of the encoded proteins. While mutations induced in
germ cells can be passed on to the offspring, mutations in somatic cells can jeopardize
the vitality of the cell or even lead to a malignant transformation [48]. Such a
transformation can be induced by the inactivation of tumor suppressor genes or the
mutation of proto-oncogenes to oncogenes. As their name implies, proteins derived
from tumor suppressor genes (e.g., pb3) are key enzymes involved with processes
that suppress malignant behavior, such as DNA-damage repair. Should its activity
be hampered by a mutation, the protein does no longer act as a brake to the possible
development of tumors. On the other hand, the majority of proteins encoded by
proto-oncogenes are involved in signaling pathways that promote cell proliferation.
For example, the normal function of the Ras enzyme is to prompt a cell to initiate
cell division after receiving a corresponding signal from another enzyme. If the
proto-oncogene that encodes Ras mutates to its oncogene-version, the modified Ras
protein continues to drive cell division even without any outside trigger. Therefore,
oncogenes are often referred to as accelerators of malignant behavior [100]. Both
the loss of function mutations in tumor-suppressor genes and the transformation
of proto-oncogenes to oncogenes are believed to be key factors in the emergence of
cancers [100, 109].

Among other things, to suppress the development of tumors, the cell initiates a
controlled suicide program called apoptosis, when it senses a large amount of DNA
damage. While this form of cell death can be triggered by a number of factors, one
of the most prominent pathways in the context of DNA damage was found to be the
following: As described earlier, p53 is stabilized in cells which have detected DSB.
Besides its other effects, pb3 also upregulates the expression of the pro-apoptotic
protein Bel-2-associated X (BAX). The accumulation of BAX leads to the release of
cytochrome c from the mitochondria into the cytosol, triggering the so called caspase
cascade, the activation of a plethora of proteases (caspases) designed to selectively
disintegrate all cell structures. Ultimately, neighboring cells take up the dissolved

remains of cells that underwent apoptosis [100, 109, 114].
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If DSB are not repaired before the cell initiates mitosis they can cause chromosome
aberrations when the DNA is condensed. Depending on whether aberrations occur
within one chromosome or include two different chromosomes, one differentiates
between so called intrachromosomal and interchromosomal aberrations, respectively.
In the case of intrachromosomal aberrations the loss (deletion) of parts of one or
both chromatides, the shift (translocation) of parts of the chromosome, and the
emergence of rings formed out of parts of the chromosome can occur. On the other
hand, the asymmetrical interchromosomal exchange of chromatide parts resulting in
a dicentric chromosome and mixed fragments as well as reciprocal translocation of
terminal parts of the chromosomes are examples of interchromosomal aberrations.
While chromosomal aberrations can generally lead to mutations or the complete loss
of genetic information, together with other forms of DNA damage which alter the
geometrical conformation of the DNA molecule, they can also cause a failure of the
cell division process, a so called mitotic catastrophe [48]. Similar to apoptosis, such
an even ultimately leads to cell death [115].

In the previous paragraphs a simplified image was created in which the cell dies either
by recognizing the severity of the damage and inducing apoptosis or by missing
to recognize unrepaired damage prior to mitosis and falling victim to a mitotic
catastrophe. In practice one is often less interested in the complete destruction of
the cell, but rather in its loss of ability to further divide, its so called clonogenic
potential. This can temporarily be the case, when the cell enters the reversible state
of senescence, a sleeping state. Furthermore, cell death pathways such as autophagy
or necrosis, that were believed to be largely uncontrolled in stark contrast to the
controlled or orchestrated mode of apoptosis, were lately shown to be much more
regulated processes that are partly related and could thus be triggered by the cell
as reaction to DNA damage, too. However, the exact biochemical reactions and
signaling pathways that govern these processes and decide between the mentioned
pathways towards loss of the clonogenic potential are still unclear and subject to

active research [8, 116, 117].
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2.3.3 Factors Influencing the Biological Effects of Ionizing

Radiation

There are numerous factors which can influence the biological effects of ionizing
radiation, including the morphological differentiation grade of cells, their cell cycle
status or even the temperature of the medium during irradiation [48]. In the fol-

lowing subsections the focus will be put on those factors relevant for the thesis on

hand.

Dose

The dependency of the biological effect on the physical dose is probably the most
fundamental dependency described in radiobiology. This dependency is most fre-
quently presented in the form of cell-survival curves, which show the applied physical
dose on the abscissa and the logarithm of the surviving fraction (often simply termed
survival) S on the ordinate. The survival fraction is often obtained using clonogenic

assays in which the survival fraction is defined as:

(Cells forming colonies)

L Cells seeded Post-IR

S = (Cells forming colonies) ' (2 17)
Cells seeded Control

It is noteworthy, that survival is defined here to be the ability of a cells to form a
colonies and is thus a measure of the clonogenic potential of a cell population (men-
tioned in the section above) and that the survival fraction can also be interpreted
as the probability of one cell in a given population to form a colony. It has become

the norm to describe the resulting survival curves using the linear-quadratic model

(LQM):

S(D) = exp(—aD — D?), (2.18)

where D is the applied dose and e and 3 are empirically determined factors [118].
The ratio of both constants, «/3, has been used to describe and compare the char-
acteristics of cell survival over the different cell lines: The survival curves of cell
lines with small /3 show a pronounced shoulder shape, indicating an increased
capacity to repair damages. On the other side, survival curves of cell lines with
comparably large «/f exhibit a more linear form, indicating reduced repair capac-

ity [119](Fig. 2.17).
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The exponent in Equation 2.18 can be interpreted as the expected (or mean)
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Figure 2.17: Typical cell survival curves of large and small «/f cell lines. Taken
and modified from [120].

amount of lesions which lead to the loss of clonogenic potential for a cell. These
lesions are commonly referred to as lethal lesions (LL). Assuming these to occur
following a Poisson distribution P(n), the probability of having no LL (n = 0) and

thus surviving the irradiation is:

S(D) = P(0) = eap(— (LL(D))), (2.19)

where (LL(D)) is the expected number of lethal lesions at the given dose. With
the lack of a true biological meaning to its parameters, the LQM could be seen as a

low-dose approximation or Taylor expansion of the function (LL(D)) [118, 121].

Radiation Type/Quality

In most cases, high-LET radiation exhibits a higher potential for cell inactivation per
applied unit dose compared to low-LET irradiation, including per definition photon
irradiation [15, 16]. This is reflected by the fact that cell survival curves after
irradiation with high-LET beams show a steeper and more linear form [48]. The
relative biological effectiveness (RBE) is used to quantify the enhanced biological
effectiveness of a given irradiation in comparison to a conventional low-LET setup.

The RBE is defined as the ratio of the applied dose by a low-LET reference field
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D,; and the applied dose of the radiation type of interest D,, leading to the same
biological effect (Fig. 2.18):

D’f‘(i
RBE = D—f . (2.20)

iso-effect
Often a 250 kV x-ray source or a Co-60 v source is used as the low-LET reference

field [48].
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Figure 2.18: Heavy-ions usually show an enhanced cell killing potential with steeper
and more linear cell survival curves in comparison to conventional photon irradiation.
This effect can be quantified with the RBE, which depends on several factors, such
as the applied dose or the biological endpoint. Taken from [15].

The exact value of the RBE is influenced by numerous factors: As the survival
curves of the reference radiation and radiation of interest can have different curva-
ture, the RBE can change depending on the applied dose (Fig. 2.18). When the
effect of heavy-ions is compared to a low-LET reference radiation, the RBE usually
decreases with increasing dose. Furthermore, the measured RBE can change when
different tissues or cell lines are used as targets of the irradiation. In addition, the
value of RBE is dependent on the biological endpoint on which it is based. The
biological endpoint is the exact biological measure that is used to compare the irra-
diation types. For example, the RBE based on the 10% survival might differ from
the RBE based on the 1% survival after irradiation (Fig. 2.18). Finally, the RBE
strongly depends on the particle types and their LET contained in the radiation
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field of interest [15].

The important dependency of RBE on the LET is often explained as follows: Ra-
diation fields with a very low-LET, such as photon radiation used in conventional
radiotherapy, induce a homogeneous ionization density throughout the target. Fur-
thermore, within a cell, its effect is mainly based on indirect damage which is driven
by reactive chemical species. Ultimately, the induced damages are randomly spread
over the DNA and are separated by large distances after irradiation with a low-LET
source [15, 16]. In contrast, the increasing stopping power and decreasing diameter
of the RDD of an ion track towards higher LET leads to an increasing ionization
density around the tracks trajectory [122]. When the DNA molecule, especially
in its condensed form, is hit with such densely ionizing particle tracks, multiple
spatially correlated DNA lesions can be induced. With increasing ionization den-
sity the complexity as well as probability of inducing such clustered damages rises

(Figure 2.19).

e Radicals /

Low LET High LET
Photons Light Charged Particle Heavy Charged Particle

Figure 2.19: Schematic representation of the increasing induction of clustered dam-
ages towards higher-LET radiation. Modified from [110] and [123].

Compared to isolated lesions, clustered damages are repaired slower, less accu-
rately and less completely, ultimately leading to the enhanced biological effectiveness
of high-LET radiation [16, 110]. While experiments have shown an initial increase of
RBE with the LET, they also observed a drop-off of the RBE beyond a certain LET
value leading to a “bell-shaped” form of the RBE-LET dependency (Fig. 2.20) [16].
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This trend can be explained by the overkill effect: At a given LET value, the pas-
sage of a single track is able to trigger the desired effect (e.g., taking the clonogenic
potential from a cell). Any additional dose delivered by a further increase in LET
would not add any effect and is wasted [15, 122]. The LET value at which the RBE
reaches its maximum depends on the type of particle (Fig. 2.20). Considering the
RBE maximum of a given ion species, an ion with a higher charge might have the
same LET, yet if it has a higher mass, it carries a higher kinetic energy, resulting in
a broader track structure with a lower ionization density. Thus, to achieve a com-
parable ionization density and biological effect, an ion with a higher charge (and
higher mass) need to reach a higher LET, reducing its kinetic energy and the lateral
extension of the RDD [15].

o T T T T T — T T ™
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Figure 2.20: RBE, = a;o,/c over LET for protons, helium ions and neon ions. «
and «;,,, are the factors taken from the survival curves of the reference radiation and
ions, respectively [15]. Taken from [124] where the data has been taken from [125]
and [126].

Oxygen Effect

Cells under low oxygen concentrations (hypoxia) exhibit larger radioresistence in
comparison to cells under atmospheric oxygen concentrations (normoxia) (Fig. 2.21).
The effect is most frequently explained by the oxygen fization hypothesis: Radicals
that are induced in the DNA can react with free H™ to return to their former chem-
ical form (chemical repair). However, the radicals can also react with free molecular

oxygen, resulting in a configuration no longer able to be resolved chemically by H™,
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Figure 2.21: Hypoxic tissue exhibits larger radioresistence in comparison to normoxic
tissue. Taken from [127].

which is thus fizated and needs to be repaired by the cells repair machinery [8].
Experiments in the late 1970s [128, 129] revealed, that the fixation process is not
instantaneous but follows a decay kinetic with a half-life time of about 1ms. Further,
it could be shown, that the oxygen effect is mainly mediated by the radical mediated
indirect mode of damage and the direct damage action is only slightly affected [51].
The oxygen enhancement ratio (OER) is used to quantify the effect and is defined
as:

OER = Dhryposia_ : (2.21)

Diormoria |iso-efect
where Djypozia is the applied dose needed for irradiation under hypoxia to reach the
same effect as the dose applied under normoxia D,,ormozia-
The dependency of the OER from the oxygen concentration can be parametrized by
a function proposed by Carlson [130] (motivated by the original study of Alper and
Howards-Flanders [131]):

OER ([0y)) = %, (2.22)

where m is the maximum OER and K the concentration at which the OER reaches
m/2. The dependency is illustrated in Figure 2.22.

An increase in LET is generally accompanied by a decrease in OER (Figure 2.23).
This is commonly explained by the fact, that high-LET radiation predominantly un-
folds its effect by the induction of directly induced damage and thus being relatively

independent of radical mediated indirect damage. Therefore, heavy-ion is regarded
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Figure 2.22: The dependency of the OER from the oxygen concentration. The data
represents values derived from survival data using V79 cells. The line is given by
Equation 2.22 with m = 2.7 and K = 0.25. Taken from [130], where the data was
taken from [132]. The dotted line was included in the original publication to show
the oxygen concentration below which tumor cells are characterized as being hypoxic
in the clinical study of [133].

as a promising tool to treat hypoxic tumors. [15, 16]

Dose-Rate

When discussing the effect of the applied dose-rate on the biological effect of an
irradiation, one needs to differentiate between the classical dose-rate effect and the
ultra-high dose-rate (UHDR) effect.

The amount of DSB after irradiation was shown to be reduced by repair in a bi-
phasic exponential fashion over time, with a shorter half-life time in the order of
minutes and a longer half-life time in the order of hours [135-137]. The slower com-
ponent is believed to be associated to clustered damages [138, 139]. This leads to
a steadily increased survival of cells when the dose-rate of the applied radiation is
decreased from a couple of Gy per minute (range of conventional medical applica-
tions) down to fractions of a Gy per hour [55], as more lesions can be removed and
the creation of complex damage is suppressed.

Starting in the late 1960s and into the early 1980s a number of publications showed,
that cells [56, 57, 129, 140-142] and tissue [143, 144] exhibit increased radio-resistance
when irradiated with uHDR exceeding tens of Gy per second at sufficiently high
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Figure 2.23: The OER generally decreases with increasing LET of a charged particle.
The circles refer to monoenergetic a particles and deuterons, while the open triangle
refers to a 250kV X-ray source. Taken from [8], where it was taken from [134].

doses (2 10 Gy). The application of uHDR has been experiencing a renaissance
since the mid-2010s, when first studies were published which showed sparing of nor-
mal tissue while the effect on the tumor remained at the level of standard dose-rates
(SDR), dubbed the FLASH effect [58-60]. Since then, also the debate surround-
ing the underlying mechanisms of the sparing at uHDR in general was reignited:
The emergence of sparing at hypoxia but not at normoxia or anoxia (absence of
oxygen) [140-143, 145, 146] has been seen by many to be an indicator that oxygen
must play a central role. While the theory of radiochemical depletion of oxygen and
the resulting transient hypoxia was one of the first to be formulated [56, 142] and
remains to be considered to atleast explain part of the sparing [59, 60, 147, 148],
some have expressed their doubts about the consistency of this hypothesis [149],
proposing alternative mechanisms such as a reduction of radicals by radical-radical
interactions [150] or radical clustering [151]. Concerning the differential sparing of
normal tissue and tumor (the FLASH effect), several hypothesis were put forward,
including differential oxygenation status and its spatial distribution, processing of
radicals, repair of DNA damage or even immune system response between normal
tissue and the tumor [60, 147, 152, 153]. However, none has gained widespread
acceptance yet.

Most uHDR studies were - and are - conducted using electron beams, while stud-
ies involving ion beams remain sparse due to technical challenges [60, 154, 155].
For protons, an in-vitro study applying 4.5 MeV particles under atmospheric oxy-

gen concentration found no difference in cell survival or DNA damage induction
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between standard dose-rate (SDR) and uHDR irradiations [156], while an in-vivo
study applying a 230 MeV beam was able to show the FLASH effect in mice [157].
Our group published the first experimental study applying helium ions (4.5 keV/pm
and 16 keV/um) to cells at uHDR and could show increased survival and reduced
DNA damage being induced in comparison to SDR irradiations under hypoxia but
not under normoxia [154](Figure 2.24). In regards to carbon ions, the first in-vitro
study was published in cooperation with our division, using a 280 MeV /u beam at
the GSI [158]. The study showed an oxygen dependent increase of cell survival for
the uHDR setting that reached its maximum at 0.5% oxygen. At normoxia and
anoxia no sparing was observed. Shortly after, simultaneous sparing of normal tis-
sue and improved tumor control was observed at the same facility applying a 240

MeV /u carbon beam at uHDR in comparison to SDR [159].

0.6 <0.0001
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Figure 2.24: The survival of A549 cells after irradiation with 8Gy and 12 Gy of
4.5 keV/pm helium ions using a standard dose-rate of 0.12-0.21 Gy/s (SDR) and
ultra-high dose-rate of 139-216 Gy/s (uHDR) under 1% oxygen. The p-value was
computed using 2-tailed unpaired Student t-test. Taken from [154].

DNA Damage Response Interference

As described earlier, the damage to the DNA is resolved by an intricate repair
machinery consisting of a network of enzymes. Inhibition or lack of these would
thus significantly hamper the cells ability to retain its clonogenic potential after
exposure to ionizing radiation (or any other DNA damaging agent). Pharmaco-

logical inhibition of key DNA damage repair (DDR) enzymes has therefore been

36



CHAPTER 2. FUNDAMENTALS

seen as a potential mechanism to improve the efficacy of ionizing radiation against
their cellular targets. Inhibitors have been developed against ATM as one of the
key DSB detector proteins [38, 39, 42, 160] as well as against key enzymes of the
NHEJ and HR pathways, such as DNA-PK [40, 42] and Rad51 [41]], respectively.
Several inhibitors against the named proteins have even progressed into pre-clinical
(animal model) [43-46] and clinical trials [45-47]. Key DDR proteins can also be
under-expressed or even inactivated by mutations in tumors [46]. A loss-of-function
mutation of the ATM enzyme was found to improve the tumor control after ra-
diotherapy across different types of cancer [30]. Furthermore, low activity of the
enzymes DNAPK and Ku70, key contributors in NHEJ, have been linked to in-
creased tumor control in prostate cancer patients [31, 32] and the improved therapy
outcome of radiotherapy for HPV positive head and neck cancer patients has been
correlated to the suppression of an array of proteins involved in both main DSB
repair pathways [33-35].

In radiobiology the effect of radiosensitizing agents or mutations is usually charac-
terized using the concept of the sensitivity enhancement ratio (SER). The concept
is very similar to the RBE as it describes the ratio between the applied dose to the
non-treated or wild type (non-mutated) system D,.; and the applied dose to the
treated or mutated (modified) system D,,.q4, leading to the same biological effect

(Fig. 2.18). In mathematical form:

D
SER = —¢/ . (2.23)

mod |iso-effect

Besides the dependency on the applied modification, usually, the value of the SER
depends on the applied dose and the investigated endpoint.

The interplay of DDR interference and charged particle irradiation is subject of on-
going research: On the one hand, the RBE of carbon ions was found to be reduced
in a NHEJ deficient cell-line in comparison to the wild type cell-line [161] as well as
in HPV-positive cell-lines when compared to HPV-negative cell-lines [162, 163]. As
mentioned earlier, HPV-positive cell-lines were shown to have numerous DDR de-
fects [33-35]. In addition, the RBE of protons at 9.9 keV /pm was found to decrease
with increasing DDR interference using a panel of DDR inhibitors, including DNA-
PKcs, PARP, Rad 51 and ATM [164]. Furthermore, experimental data included
in this thesis suggest a reduced RBE of helium ions when DNA-PKcs or ATM is
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suppressed as well as a reduction of SER with increasing helium ion LET [165]. On
the other hand, proton RBE was found to be increased in lung cancer cell lines
with defective HR or the closely related Fanconi Anemia pathway [166]. Further-
more, HR interference based on the suppression of BRCA1 lead to an increased
radiosensitivity at moderately high proton LET (4 and 7keV/pm) but not at low
LET (1-2.2keV/pm) [167, 168].

Radical Scavengers

As mentioned earlier, a substantial amount of the damage produced by ionizing
radiation is mediated by highly reactive chemical species including radicals. Radi-
cal scavengers are compounds able to neutralize the radicals and thus protect the
DNA from indirect damage. Cells contain built-in radical scavengers such as vita-
min E [169] or express radical scavenging enzymes such as superoride dismutase and
catalase [52, 53|. Furthermore, pharmacological research has went into several com-
pounds that could act as radical scavengers, in order to reduce the damage burden
on normal tissue [53, 54]. In radiobiological studies dimethyl sulfoxide (DMSO) has
been used for decades as effective hydroxyl radical scavenger [51, 103, 170-173]. It
has been used extensively to investigate the fraction of indirect damage induced by

different radiation qualities, proving the reduction of indirect damage fraction with

increasing LET [51, 103, 170] (Fig. 2.11).

2.4 Models of Radiation Action

In this section, the most relevant existing models of radiation action shall be de-
scribed. All of the described approaches are atleast guided by a mechanistic under-
standing of radiation action. As the developments within this thesis fall into the

same category, purely phenomenological approaches are not considered.

2.4.1 Theory of Dual Radiation Action and Mixed Field
Model

The theory of dual radiation action (TDRA) was first formulated by Kellerer and
Rossi in 1972 in order to provide a theoretical basis for the linear-quadratic form

of cell survival curves [174]. The description of the combined effect of two or more
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simultaneous exposures to ionizing radiation derived on the basis of TDRA has been
widely adopted and is still frequently applied in order to describe the effect of mixed
fields [175, 176]. Here, the derivation of this mixed field model shall be presented
based on [177]:

In the TDRA the yield of so called sublesions is given by cz, the product of a constant
¢ and the specific energy z. The specific energy is defined by the energy imparted by
a microscopic volume divided by its mass and thus represents the stochastical dose
on the micro scale [49]. The sublesions are thought to interact pairwise to create the
lethal lesions. With the interaction probability A and k = Ac?, the yield of lethal
lesions can be written as:

LL(z) = Ac*2* = k2% (2.24)

As the specific energy follows a stochastic distribution, for a given macroscopic dose

D one can determine the average number of lethal lesions to be:

(LL(D)) = / LL(2)f(z D)dz. (2.25)

The distribution f(z; D) describes probability of the specific energy to be within z

and z + dz as a function of the macroscopic dose and satisfies following conditions:

/f(z;D)dz =1 (2.26)

and

/Z - f(z;D)dz = D. (2.27)

Furthermore, Kellerer and Rossi could show, that under given assumptions the av-

erage number of lethal lesions could also be written as [178]
(LL(D)) = k(z1pD + D?), (2.28)

where z;p is the dose averaged specific energy imparted through single events.
When two different radiation qualities are applied simultaneously, the yield of sub-
lesions is assumed to be additive (= ¢;21 + ¢222), so that the yield of lethal lesions

can be written as:
2
LL(Zl, ZQ) =A (ClZl + 0222)2 = (\/ ]{3121 + v/ ]{3222) . (229)
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The dose dependent formulation can be written as:

<LL(D1,D2)> ://LL(Zl,Zg)f(Zl,ZQ,Dl,Dg)ledZQ (230)

However, if one assumes the specific energies of both irradiations to appear inde-

pendently, one can write:
f(z1,22; D1, Da)dzidzy = fi(z15 D1) - fa(22; Do) (2.31)
Inserting Equation 2.29 into Equation 2.30 and using Equation 2.31, one yields:

(LL(Dy, Dy)) ://(Jk}ﬁ\/k—2z2)2f1(zl;pl).f2(22;D2)dzldz2, (2.32)

which extends to

(LL(Dl,D2)> = // (lﬁZ% + 2\/k?_1\/k?_22122 + k‘223> f1(21§ D1) : f2(2'2; D2)dz1d227

(2.33)
redistribution allows the application of Equations 2.24, 2.26 and 2.27:
<LL<D1,D2)> :/ klzf fl(Zl;Dl)d,Zl/fQ(ZQ;DQ)dZQ (234)

LL(Zl) Vl

‘|—2\/k_1\/k7_2/21f1(21;D1)d21/ZQfg(ZQ;DQ)dZQ (235)

=D =Do
+/ k2222 fQ(ZQ;DQ)dZQ/fl(Zl;Dl)d21. (236)
~~
LL(22) ~~ o

=1

Equating the expressions 2.25 and 2.28 one arrives at:
<LL(D1, DQ)) == klle,lDl + le% + 2\/ k’l\/ k'QDlDQ -+ k221D72D2 -+ ngg (237)

Using a = k - z1p and 8 = k and using Equation 2.19, the survival after the mixed

irradiation can be written as:

S = exp(— (LL(Dy, Ds))) = exp(— (o1 Dy +B1 D3+ o Do+ B D2 +2+/ 511/ B2 D1 D).
(2.38)
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For a mixed field with N components it can be shown that the survival is given by:

N N 2
S = exp(— (LL(Dy, Dy, ..., Dy))) = exp | — Z ;D + (Z ﬁiDi>
i=1 i=1

(2.39)

2.4.2 Microdosimetric Kinetic Model

Inspired by the TDRA, Hawkins published "A Statistical Theory of Cell Killing by
Radiation of Varying Linear Energy Transfer” in 1994 [64, 179], which will later
be known as the Microdosimetric Kinetic Model (MKM). The MKM is used as the
basis for treatment planning in Japanese ion beam therapy facilities [180]. Numerous
extensions and modifications of the original model have been proposed (even during
the time of writing of this thesis [181]). The description of all these developments
would by far exceed the scope of this section and the reader is kindly referred to the
publication of Bellinzona et al. for a more extensive review [182]. This section will
focus on the original model of Hawkins, key steps that enabled its implementation
into treatment planning and some select recent developments.

The following summary of the core model is mainly based on the description by
Hawkins published in 2003 [183]. In the MKM the cells nucleus is believed to
be subdivided into domains of diameter d. Within these, two types of lesions are
induced, with both their yields proportional to the specific energy z. So called Type
I lesions are lethal lesions that are induced with the proportionality constant ;.
The so called Type II lesions, induced with the proportionality constant kg, are
thought to be able to undergo four kinds of transformations: First, they can convert
to lethal lesions by a first order rate constant a. Second, they can combine pairwise
to lethal lesions with a second order rate constant b. Third, they can get repaired by
the cell with the first order rate constant c. Fourth, if this type of lesions persists for
a time t, it transforms into a lethal lesion. Hawkins derived the expected amount

of lethal lesions in a domain to be given by [183, 184]:

(LL),(z) = Az + B2, (2.40)
with
k
A= (CLGTdC) + /\d + k‘de_((ﬁ_c)tr, (2.41)
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and )

= % [1— e2@tat] (2.42)
In the following description, the passage of a particle that deposits energy in a given
domain will be called an event. The number of events is thought to be a random
variable 7 that follows a Poisson distribution with the mean and the variance u.
Further, the dose deposited by one event is a random variable z; with the mean (z;)
and the variance V.
Now if one considers a domain with exactly j events, the absorbed dose can be

written as the sum of the dose deposited by the single events zy;:

1 .
Zj :];Zzu = %15, (2.43)
i=1

where Z;; is the mean of a j-membered sample of z;. Zj; itself is a random variable
with the same mean as z; ((z1)) and variance V,;/j. Using Equation 2.40 and

Equation 2.43 one can write:
(LL),(z)) = Ajzi; + Bj*zi;7, (2.44)

to describe the expected amount of lethal lesions in a domain after j events and
absorption of jZ;; Gy. In order to yield the average number of lethal lesions per
domain over all domains that have had j events, the average over the distribution

of z7; is taken from both sides:
((LL), (%)) = Aj (z75) + Bj* (717%) (2.45)
As (75;) = (z1) and (75;2) = V.1/j + (21)” one can rewrite to:

((LL), (23)) = Aj (=1) + Bj* (Var [j + (21)7) (2.46)
= (A(z1) + BV.1) j + B (=) % (2.47)
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Now taking the average over the Poisson distributed variable j yields:

((LL)4 () = (A(=z1) + BVaa) i+ B (21)” (u + %) (2.48)
= (A(21) + BVar + B (1)) p+ B (1) 1 (2.49)
= (A(z) +B<zl>)u+B<zl)2u2 (2.50)

L) :
(A H) (o) 1+ B (1) ). (251)

This expression describes the average number of lethal lesions per domain over all
domains (LL),. With p being the average number of events per domain after ex-
posure to the microscopic dose D and (z;) being the average dose deposited in a
domain by a single event, one can write (z;) 4 = (z) which is equal to the macro-
scopic dose D. The expression (z%) /() is the dose weighted average of the dose

depositions by single events z;p. Using these expressions one can write:
(LL), = (A+ Bz1p) D + BD*. (2.52)

With the total number of domains Ny,,,, the total expected amount of lethal lesions

in the nucleus is given by:
<LL> = Ndom - <LL>d = (aO + leD) D + BDQ, (2.53)

where g = Ngom - A and 6 = Nyop, - B [185]. The values of oy and 5 can be
determined from low LET data where z;p — 0 and are then equivalent to the
respective LQM parameters.

In situations where the expected amount of events is very low (e.g. at low doses
or high LET), the probability of no event occurring at all increases and needs to
be taken into account by a saturation correction, which was first introduced by
Hawkins in 2003 [183]. Kase et al. extended the correction to be applicable to
any given energy spectrum [185] and found that z;p in Equation 2.53 needed to be
replaced by a saturation corrected dose-averaged specific energy deposited by single
events 27, which is given by:

« Jo Zsazfi(z)dz (2.54)

21D fooo Zfl(Z)dZ 3
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where fi(2) is the probability density distribution of z being deposited in a single

event in a domain and zg, is the saturation corrected specific energy given by:

2 2

25 z
=2 (1- ~Z)), 2.55
ST < exp( 23)) (2:53)

with the empirical saturation coefficient 2z, determined as:

20 = (Bura) , (2.56)

VB U+ (Rufra)?)

where R,, and r4 describe the radius of the nucleus and the domain respectively [186].
These radii are seen as cell-line specific variables [64]. The version of the MKM
that includes the saturation correction as described above is known as the modi-
fied MKM (mMKM) [186]. Inaniwa et al. showed that 2], for a mixed radiation
field could be computed by the dose-weighted average of the respective values of
each contributing mono-energetic field [186]. The distribution f;(z) can in principle
be measured experimentally using so called tissue-equivalent proportional counter
(TEPC) but in practice is computed based on the Kiefer-Chatterjee parametrization
(Equation 2.10) of the radial dose distribution surrounding the particle tracks [64,
176, 185, 186].
The MKM was shown to be successful over a large range of clinically relevant LET
but cell survival predictions were found to deviate for high LET and high doses [187,
188]. While measured values for 3 decrease towards higher LET, MKM assumes it
to be constant [188, 189]. Sato and Furusawa identified the issue to be the fact
that MKM disregards the stochastic nature of the specific energy received by the
nucleus z, and assumes all nuclei to receive z, = D. While for low LET this can
be seen as a good approximation, the variability increases towards high LET [188,
190]. As a result, Sato and Furusawa developed a model that considers the statisti-
cal nature of the specific energies imparted by both the domain (z4) and the nucleus
(z,) called the Double-Stochastic Microdosimectric Kinetic Model (DSMKM). They
derived that the survival S(D) after irradiation with the microscopic dose D is given
by:

In(S(D)) = In (/00 Sn(2n) fr(Zn, D)dzn) : (2.57)

0
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where f,(z,, D) is the probability density function of the specific energy in the
nucleus z, given the macroscopic dose D and S,(z,) is the survival fraction of cells

after exposure to z,, that is given by:

In(S,(z,)) = — /000 2 fa(za, 2n)dzg (2.58)

—5/ 27 fa(za, 2n)d2a, (2.59)
0

where f4(zq4, z,) is the probability density function of the specific energy z; being
applied to a domain given the nucleus being exposed to z,. The updated saturation-

corrected specific energy (2)) and its saturation parameter (zy) are now given by:

2 = 20\/1 — exp [~ (24/7)?], (2.60)

and
la  pamraR?

20 = ——,
" ma /B0t RY)

where [;, mg and pg are the mean chord length, mass and density of the domain,

(2.61)

respectively [188, 190].

Equations 2.57 and 2.58 are solved numerically using a Monte-Carlo approach. How-
ever, as the associated computational burden is quite significant, Sato and Furusawa
also proposed the Stochastic Microdosimetric Kinetic Model (SMKM), where the
stochastic nature of the specific energy applied to the domains z, is represented by
its mean value and variance [190]. To further reduce the computation time, Inaniwa
and Kanematsu developed a further modification, in which the dose-averaged nu-
cleus specific energy per event z, p is introduced instead of the full distribution
of z,. This modified SMK could also be implemented into a treatment planning

platform [188].

2.4.3 Local Effect Model

The development of the local effect model (LEM) began in the mid 1990s at the GSI
in Darmstadt, Germany [191, 192] and its original version is still in routine clinical
use as basis for ion beam treatment planning [176, 193]. In order to determine
the effect of a given microscopic dose distribution d(x,y, z) within a cell nucleus of

volume V', which can be highly heterogeneous for charged particle fields, the LEM
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considers sub-volumes dV' small enough so that a homogeneous dose distribution can
be assumed within. The LEM now assumes that the yield of lethal lesions within
this sub-volume equals the yield for a cell exposed to the same dose by homogeneous
(photon/low-LET) radiation solely scaled down by its volume. Using Equation 2.19,

the expected number of lethal lesions within the sub-volume can thus be written as:

d(LL) (z,y,z) = —InS(d(z,y, 2))dV/V, (2.62)

and the total expected number of lethal lesions can then be determined by integrat-

ing this expression over the nucleus volume:

(LL) = / —InS (d‘(f’ v:2) gy, (2.63)

The survival probability after this given dose distribution can then be determined
using Equation 2.19 [176]. While in principle any survival information could be fed
into the LEM, a modified linear-quadratic parametrization was chosen, where the

survival curve transitions into a linear form above a dose threshold D;:

S(D) emoD-BD? D < D, (2.64)
_ 2.6
S(Dy)-e=*P=P) D> D,

with the slope s = a + 25D, of the linear form [65].

As the microscopic dose distribution it self is of stochastic nature, the survival prob-
ability after irradiation with a given macroscopic setting (dose, particle energy etc.)
is determined by averaging the survival for a large number of random microscopic
dose distributions created using Monte Carlo methods [176, 192]. In its original
version (LEM I), the Geifl parametrization of the RDD (Equation 2.9) was choses
with a constant core radius of r,,;,, = 10nm to implicitly consider the diffusion of
radicals away from the track.

In 2007 a second version (LEM II) with two major changes was introduced [65]:
First, a damage enhancing factor n was introduced. It is based on the observation,
that at doses exceeding several hundreds of Gy the linear dependency between dose
and induced DSB turns super-linear, which is attributed to the increasing amount
of DNA single strand breaks (SSB) that are induced on the opposite strands of the
DNA in close proximity and transform into DSB [194-202]. While the authors of the
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extension explicitly claimed, that they do not equate DSB with lethal lesions, they
believed a correlation to exist, so that the relative enhancement of the DSB yield
could be assumed to be equal to the relative enhancement of lethal lesions. When
LEM II was first published, n was determined using a Monte Carlo approach, which

was later followed by an analytical expression derived by Friedrich et al. [203]:

—cssp D tssB

— 2 a
n=1+ l—e tor ¢ Lgen tssp  ASSB (2.65)
aggp D ) :
3¢ SLifn ‘tssp apSB

where D is the applied dose, apgp is the yield of DSB per nucleus and applied unit
dose, aggsp is the yield of DSB per nucleus and applied unit dose, L., is the length
of the genome in base pairs (bp) and tgsp is the maximum distance between two
SSB on each side of the DNA to form a DSB in bp. The values apsg = 30Gy !,
assp = 1250Gy™t, Lye, = 5.4Gbp and tgsp = 25 were found to be appropriate in
their studies [65, 203]. The second major change in LEM II was the introduction
of an explicit description of radical diffusion. In the more advanced description, the

RDD was convoluted with a normal distribution kernel in polar coordinates [65]:

1 ! ! !
f(r7 ’I“/, @/) _ 5 26—(r2—27"r cos®’+r 2)/2027 (266)
xea

where the standard deviation o characterizes the diffusion length of the radicals and
®’ describes the angular coordinate. The resulting RDD could then be determined
by:

o > 10 o / / g/ R o 1.0 —r'?/202 rr’ /
D(r):/o dr'r /0 dd'D(r") f(r,r', ®") = < /0 dr'r'e Iy <§) D(r'),
(2.67)

where I is the modified Bessel function of order zero. A standard deviation ¢ = 4nm
and a new constant core radius of 7,,;, = 0.3nm were found to fit within literature
range and describe survival data well [65].

In a smaller extension published in 2008 (LEMIII), the constant core radius was re-
placed with the energy dependent parametrization described earlier (Equation 2.8) [66].
Probably the largest change up to that point was introduced in 2010 with the fourth
version of the LEM (LEM IV) [204]. The sub-volumes were now represented by
cubes of the side length [psp and the number of induced DSB is sampled based on

the local dose and apgp. Sub-volumes containing exactly one DSB are called an
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isolated DSB, while those containing two or more DSB are called a clustered DSB.

The number of isolated DSB (N;psp) and clustered DSB (N.psp) is then used to

determine the complezity C' [204]:

__ N
N:Bsp + Nigss

C

(2.68)

In the next step, the dose leading to the equivalent complexity assuming homoge-
neous photon radiation D7, is determined, as well as the expected amount of lethal

lesions at this dose using Equations 2.19 and 2.64:
(LL>Zq = —In (S (D;’q)) . (2.69)

In order to determine the expected number of lethal lesions for the ion irradiation

(LL);,,, the value found for the homogeneous photon irradiation is scaled based on

the number of affected sub-volumes:

Nlon + Nfon
(LL),,, = P58~ _iDSB ([ 1)7 . (2.70)
! NZDSB + Nz‘WDSB I

The corresponding survival can then again be determined using Equation 2.19.
In the most recent update of the model, introduced in 2021 by Phuhl in her PhD
thesis, the spectrum of the secondary electrons ejected by passing ions is considered,

resulting in a modification of the DSB yield [205].

2.4.4 Other Models

The MKM and LEM, through their routine clinical use, are probably the most
prominent and discussed models of radiation action in the field. In the last decades,
a significant number of other advanced models have been proposed and a full account
of all relevant models would exceed the scope of this work. However, a small selec-
tion of models, which include in some way or form a mechanism inspired approach
to modelling the radiation action of charged particles, shall be briefly summarized
in this subsection.

The Repair-Misrepair-Fization (RMF) model [206-209] is based on a system of
coupled non-linear ordinary differential equations, that describe the induction and

processing of DSB. These result in the number of lethal point mutations and chro-
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mosomal aberrations, which are used to predict cell survival. Instead of the common
utilization of RDD parametrizations, the RMF model makes use of the Monte Carlo
Damage Simulation (MCDS) [208, 210-216] to describe the induction of DSB and
their increased yields for charged particles at higher LET [193].

The Biophysical Analysis of Cell Death and Chromosomal Aberration (BIANCA) [217-
223] is based on the induction of so called clustered lesions (CL), which lead to the
formation of two independent chromosomal fragments. Dependent on their distance,
these can misrejoin or unrejoin and lead to different forms of chromosomal aber-
rations. Different sub-types of chromosomal aberrations are deemed lethal for the
cell. The distribution of induced CL for charged particles is based on the Kiefer-
Chatterjee parametrization. The yield of CL and the unrejoining parameter f are
adjustable parameters, where the former is dependent on the radiation quality and
the cell-line, while the latter is only cell-line dependent.

McMahon and his colleagues published their model first in 2016 [224] for low-LET
radiation and the extension to charged particles in 2017 [225]. In its latest version
from 2021 [226] the model was extended to consider classical dose-rate effects and
was given the name Mechanistic DNA Repair and Survival Model (Medras). Medras
bases its predictions on the distribution of induced DSB and simulates their repair
kinetics, as well as their distance dependent misrejoining rate. Based on these mech-
anisms the model is able to predict a number of endpoints, including chromosomal
aberrations, mutational burden and survival after irradiation. As it also considers
the different repair pathways available at different cell phases, it is also able to make
predictions on the effect of deficiencies in given repair processes, such as NHEJ. For
charged particles, Medras bases its initial DSB distributions on results from a de-
tailed external Monte Carlo engine called Geant4 [227] and their DNA toolkit [228,
229].

In 2014 Surdutovich and Solov’yov published the Multiscale approach [230], includ-
ing comprehensive consideration of the ionization of the medium, transport of sec-
ondary particles, chemical interactions and thermo-mechanical pathways of biolog-
ical damage [231]. Ultimately, cell survival is determined based on the clustering
of damages within a certain geometry and the ability to repair such damages is as-
sumed to be cell line specific.

The model proposed by Wang and his colleagues in 2018 [232] parametrizes the DSB
yield induced by charged particles based on results from the MCDS. The model
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than assumes that rejoining of induced DSB by NHEJ is the dominant process post-
induction and determines the probability of correct repair based on the distance
between the damages. Cell survival probability is then determined after correct-
ing for the saturation effect and considering the cell line dependent sensitivity to

misrepair.
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Chapter 3

The UNIVERSE - Thesis Outline

For the biophysical models presented in Section 2.4, only a few of the modifiers of
radiation action mentioned in the introduction were in some form either included
in the original version or introduced in later extensions (e.g., hypoxia [216, 231,
233-235], DNA repair dependent radiosensitivity [224-226, 236], classical dose-rate
effect [187, 226, 237-241]). At the same time, the sparing effects at ultra-high dose-
rates have up to this point only been described based on physico-chemical models
linked to phenomenological descriptions of radiation effect [147, 148, 150]. Address-
ing the need for a theoretical framework versatile enough to describe and predict the
effect of the different modifiers under a unified model of radiation action for con-
ventional and ion beam radiation outlined in the introduction, this thesis describes
the development, benchmark, capabilities, challenges and outlook of the so called
UNlIfied and VERSatile bio response Engine, or in short: UNIVERSE. Conceptually,
the framework strives to be as explicit and mechanistic yet simple and efficient in its
description of radiation action as possible. Such an approach is thought to not only
lead to a more comprehensible model in general but also facilitate its modification
and extension which plays a crucial role in this project.

A key concept at the core of UNIVERSE was first introduced by Elsésser et al.
in 2010 in connection with LEM IV: The chromosomal material is subdivided into
domains containing about 2 million base pairs, resembling substructures referred to
as giant loops [242-246]. Accumulations of DSB within such a giant loop were found
to resist swift repair [138, 139] and are thought to be subject to a higher chance
of chromatin loss, posing a larger threat to the clonogenic potential of a cell [247].

Based on the local dose deposition and an empirically determined DSB yield per
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nucleus and applied unit dose (apsp) that is assumed to be cell line independent
and constant within the range of clinically applied doses [216], the amount of DSB
induced within individual domains can be computed. Elsésser et al. introduced the
terms of isolated DSB (iDSB) for all domains containing a single DSB as well as
clustered/complex DSB (¢cDSB) for all domains containing two or more DSB.!

Around 2012, Mairani et al. [248] and Friedrich et al. [247] simultaneously intro-
duced an analytical model (which the latter group named Giant LOop Binary LE-
sion(GLOBLE)), in which the expected amount of iDSB and ¢DSB,(N,;psp) and
(N.psp), induced in a nucleus after irradiation with sparsely ionizing radiation is
determined based on the Poisson distribution. Furthermore, each instance of an
isolated or complex DSB is assigned a probability K;psp or K.psg, respectively, of
leading to the loss of clonogenic potential in a cell. Later, in the context of UNI-
VERSE these probabilities are often referred to as lethality parameters. In GLOBLE

the expected amount of lethal lesions is ultimately defined as

(LLY = (N;psg) - Kipsg + (Nensn) - Kepsi (3.1)

and the resulting survival fraction of the cell population is determined using
Equation 2.19 (S = exp(—(LL))).> Furthermore, Mairani et al. [248] included
the effect of hypoxia for sparsely ionizing radiation. Based on the suggestions by
Carlson et al. [130] and Stewart et al. [216] the OER (cp. Section 2.3.3) at a given
oxygen level is re-interpreted as the ratio between the DSB yield at normoxia (apsg)
and the given oxygen level (aggB) and re-named hypoxia reduction factor (HRF).
Hypoxia is believed to not affect the repair of DSB [130], so that its effect can be
accounted for solely by applying a modified DSB yield of agg 5 = apsp/HRF. From
2013 to 2015, Tommassino et al. [137, 249] showed that the predicted ratio between
isolated and complex DSB matched well with that of the fast and slow component
of the biexponential DSB repair kinetics observed after irradiation and by assigning
repair half-life times (Tzllé?g pand T 61[/,?9 ) to each damage class, Herr et al. [237, 238]
managed to include classical dose-rate effects into GLOBLE and LEM 1V.

IThe expression domains has established itself in the context of UNIVERSE. However, Elsésser
et al. used the term sub-volumes in their 2010 publication, which was also chosen in the Funda-
mentals section on LEM IV to achieve a clearer transition from the description of previous LEM
versions. Their motivation based on giant loops was omitted in that section for the sake of clarity.

2In GLOBLE and its extensions commonly the notation €; and . is used instead of K;pgp and
K.psp as well as n; and n. instead of (N;psp) and (N.psp).
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While GLOBLE is a purely analytical model and LEM IV determines cell survival
over several intermediate steps and conversions based on the effect of a photon beam
predicted to induce the same complezity of damages (cp. Section 2.4.3), UNIVERSE
takes a distinct approach: For any radiation quality, the damage pattern induced
inside a nucleus is simulated for a large number of iterations using the Monte Carlo
method. For each iteration, based on the number of isolated and clustered DSB
(N;psp and N.psg), the survival probability of cells with the given damage pattern

is computed by applying the basic probabilistic equation

S =(1—K;psp)""?? . (1 — K.psp)"Ps" . (3.2)

The average of this value over all iterations is used to predict the survival frac-
tion after a given irradiation. In the publication introducing GLOBLE [247], such a
probabilistic concept was suggested as a possible alternative approach to the there
presented analytical low-LET model which would avoid the need for some assump-
tions regarding the frequencies of the damage classes. Nevertheless, only the analyt-
ical solution was pursued further, as it was shown to be sufficiently accurate within
the clinically relevant dose range and enables quicker calculations. However, the ex-
plicit simulation and representation of the damage pattern and the application of the
identical simple equation (Equation 3.2) to determine cell survival for both low and
high LET radiation in UNIVERSE was thought to enable a more straightforward
and comprehensible way to unify the description of different radiation qualities un-
der one framework. The chosen approach also implies that the response of a cell to a
certain damage pattern is fully independent from the radiation quality that caused
it. This leads to the hypothesis that if any mechanism which acts on the damage
pattern itself - or modifies its lethality to the cell - is not explicitly dependent on
radiation quality, its effect on the survival after irradiation in any radiation field
should be accurately predicted solely by providing the damage patterns induced in

each case and making no change to the mechanism itself (Figure 3.1).

The strategy set out for the development of UNIVERSE is derived directly from
this hypothesis: First, identify the mechanism underlying a certain modifier of radi-
ation action. Second, develop, implement and benchmark the mechanism based on
the simulations of low LET damage patterns and the more readily available corre-

sponding data. Ultimately, if applicable, carry out the transition to the high LET
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Figure 3.1: The effect chain in UNIVERSE: The damage patterns induced by the
irradiation are simulated via Monte Carlo methods. Based solely on the damage pat-
terns, the survival probability of cells is determined using Equation 3.2. Hypothesis:
The effect of mechanisms manipulating the damage pattern or its lethality to the
cell, which are independent of the radiation quality, (arrows with question marks)
should be predictable in any radiation field by providing the corresponding initial
damage pattern without any modifications of the mechanism itself.

regime by introducing an appropriate simulation of the damage pattern and bench-
mark or study the resulting predictions.

In the context of this thesis, several modifiers of radiation action were successfully
implemented and benchmarked for low LET radiation applying the Monte Carlo
based UNIVERSE approach described earlier. Each of these low LET sub-models
have merit on their own, providing platforms to predict and study the effect of clini-
cally relevant variables of radiation efficacy. Most importantly however, a description
of high LET radiation action was successfully introduced to UNIVERSE and was
shown to be able to transition and describe the effect of some of the modifiers, sup-
porting the hypothesis formulated earlier. More specifically, the following projects
(listed in chronological order of the publication date) were realized in the framework
of this thesis and were published in internationally acclaimed peer-reviewed jour-
nals, resulting in this work to be presented in the form of a cumulative thesis (cp.

Chapter 4):

Publication 1 (Section 4.1)
Introduction of the Monte Carlo based low LET framework of UNIVERSE
and the model of radiosensitization caused by deficiency or inhibition of DNA

damage repair enzymes under normoxia and hypoxia.

Publication 2 (Section 4.2)
Implementation of a distinction between direct and indirect damages after
low LET radiation and the action of radical scavengers under normoxia and

hypoxia.
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Publication 3 (Section 4.3)

Development of the time dependent version of the low LET model in UNI-
VERSE, based on DNA repair kinetics as well as oxygen depletion and reoxy-
genation during irradiation to predict dose-rate effects including cell and tissue
sparing at ultra-high dose-rates. Study of possible key variables determining

the observation of ultra-high dose-rate sparing.

Publication 4 (Section 4.4)

Establishment of the high LET framework in UNIVERSE, including a de-
scription of the microscopic dose distribution of ion fields and the induced
DNA damage along with its implementation on GPU. Transition of the effect
of DNA damage repair inhibition to survival in ion beams. Patient planning

study exploring potential implications of the model in a clinical setting.

Publication 5 (Section 4.5)
Refinement of the model of ultra-high dose-rate sparing at low LET by includ-
ing DNA damage fixation kinetics, a dose-rate dependent oxygen depletion

rate, and consideration of the exact pulse structure of the radiation source.

Publication 6 (Section 4.6)

Implementation of DNA repair kinetics into the high LET model of UNI-
VERSE allowing the prediction of classical dose-rate effects in ion beams.
Study of the dose and LET dependency of predicted dose-rate effects as well
as the possible impact of reference and ion beam dose-rates on RBE modeling

and measurement.

While the development and extension of the capabilities of UNIVERSE as well
as the study of its predictions and their implications are foundational for this work
and the relevance of the created framework, a special emphasis was put on assessing
the ability of UNIVERSE to accurately predict measured data on the effects and
dependencies of interest. In each of the listed publications, the model was thus
benchmarked against data available in the literature or in some cases (Publication

1 and 4) experimentally obtained as part of the study itself.
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Chapter 4

Peer Reviewed Publications

This works is written in the form of a cumulative thesis, comprising 6 peer-reviewed
articles published in internationally acclaimed scientific journals, presented indi-
vidually in chronological order of their publication date below. Besides the list of
authors, the publication status, the journal reference and the DOI, a detailed list
of the authors’ contributions is given for each included publication. The original
manuscripts are removed from the online version of this thesis to avoid copyright
concerns. During the time these studies were conducted, the author contributed to
further publications, which were not directly related to this body of work or ineli-
gible for inclusion. These additional contributions are listed in the chapter List of

Publications.

4.1 Modeling the Effect of Hypoxia and DNA Re-
pair Inhibition on Cell Survival after Photon

Irradiation

Authors: Hans Liew, Carmen Klein, Frank T. Zenke, Amir Abdollahi, Jiirgen De-
bus, Ivana Dokic, Andrea Mairani

Publication status: Published 30 November 2019

Journal reference: International Journal of Molecular Sciences, Volume 20, Num-
ber 23, Pages 6054

DOTI: 10.3390/ijms20236054

Authors’ contributions: HL is the first author of this publication. HL, ID and
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4.1. MODELING THE EFFECT OF HYPOXIA AND DNA REPAIR INHIBITION ON CELL
SURVIVAL AFTER PHOTON IRRADIATION

AM conceptualized the study. HL and AM developed the Monte Carlo based low
LET framework of UNIVERSE and the included model of radiosensitization. HL,
with the assistance of AM, conducted all UNIVERSE based analyses. CK and ID
conducted and analyzed the biological experiments. HL constructed all visualiza-
tions. HL, with the assistance of ID, wrote the original draft of the manuscript.
HL, CK, FTZ, AA, JD and AM contributed to the review and editing of the final
manuscript. FTZ, AA and JD provided resources. AA and JD provided funding

and clinical direction.
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4.2 Modeling Direct and Indirect Action on Cell
Survival After Photon Irradiation under Nor-
moxia and Hypoxia

Authors: Hans Liew, Stewart Mein, Jiirgen Debus, Ivana Dokic, Andrea Mairani
Publication status: Published 14 May 2020

Journal reference: International Journal of Molecular Sciences, Volume 21, Num-
ber 10, Pages 3471

DOI: 10.3390/ijms21103471

Authors’ contributions: HL is the first author of this publication. AM concep-
tualized the study. HL and AM implemented the distinction between direct and
indirect damages after low LET radiation and the action of radical scavengers under
normoxia and hypoxia. HL, ID and AM conducted all presented analyses. AM
constructed the visualizations. HL, with the assistance of ID and AM, wrote the
original draft of the manuscript. HL, SM, JD, ID and AM contributed to the review

and editing of the final manuscript. JD provided funding and clinical direction.
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4.3 Deciphering Time-Dependent DNA Damage
Complexity, Repair, and Oxygen Tension: A
Mechanistic Model for FLASH-Dose-Rate Ra-
diation Therapy

Authors: Hans Liew, Stewart Mein, Ivana Dokic, Thomas Haberer, Jiirgen Debus,
Amir Abdollahi, Andrea Mairani

Publication status: Published 03 January 2021

Journal reference: International Journal of Radiation Oncology*Biology*Physics,
Volume 110, Number 2, Pages 574-586

DOI: 10.1016/j.ijrobp.2020.12.048

Authors’ contributions: HL is the first author of this publication. HL and AM
conceptualized the study. HL and AM developed the time dependent version of the
low LET model in UNIVERSE, based on DNA repair kinetics as well as oxygen
depletion and reoxygenation during irradiation. HL, with the assistance of AM,
conducted all presented analyses and constructed all visualizations. HL wrote the
original draft of the manuscript. HL, SM, ID, TH, JD, AA and AM contributed to
the review and editing of the final manuscript. TH, AA and JD provided resources,

funding and clinical direction.
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4.4 Combined DNA Damage Repair Interference
and Ion Beam Therapy: Development, Bench-
mark, and Clinical Implications of a Mecha-
nistic Biological Model

Authors: Hans Liew, Sarah Meister, Stewart Mein, Thomas Tessonnier, Benedikt
Kopp, Thomas Held, Thomas Haberer, Amir Abdollahi, Jiirgen Debus, Ivana Dokic,
Andrea Mairani

Publication status: Published 25 October 2021

Journal reference: International Journal of Radiation Oncology*Biology*Physics,
Volume 112, Number 3, Pages 802-817

DOTI: 10.1016/j.ijrobp.2021.09.048

Authors’ contributions: HL is the first author of this publication. HL and AM
conceptualized the study. HL and AM developed the high LET framework in UNI-
VERSE, including a description of the microscopic dose distribution of ion fields
and the induced DNA damage. The GPU implementation of parts of the model was
realized by HL, BK and AM. HL established the optimal choice of the model param-
eters and the radial dose distribution parameterization as well as the approximation
of its diffused form necessary for its use on GPU. Figure 1 and 2 were conceptualized
by HL and AM, created by HL based on analyses conducted by HL. Figure 3 was
conceptualized, created and based on analyses by HL and AM. Figure 4 was concep-
tualized by HL, StM and AM, created by HL and StM and based on analyses by HL,
StM and AM. The biological experiment providing the data for Figure 4 was con-
ceptualized by HL, SaM, ID and AM, conducted by SaM and ID with the dosimetric
assistance by TT and analyzed by SaM and ID. Figure 5 was conceptualized by HL,
StM and AM, using treatment plans provided by THe, created by StM and based
on analyses by HL, StM and AM. HL wrote the original draft of the manuscript.
HL, SaM, StM, TT, BK, THe, THa, AA, JD, ID and AM contributed to the review
and editing of the final manuscript. TH, AA and JD provided resources, funding

and clinical direction.
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DEVELOPMENT, BENCHMARK, AND CLINICAL IMPLICATIONS OF A MECHANISTIC
BIOLOGICAL MODEL

100



CHAPTER 4. PEER REVIEWED PUBLICATIONS

4.5 The Impact of Sub-Millisecond Damage Fix-
ation Kinetics on the In Vitro Sparing Effect
at Ultra-High Dose Rate in UNIVERSE

Authors: Hans Liew, Stewart Mein, Thomas Tessonnier, Amir Abdollahi, Jiirgen
Debus, Ivana Dokic, Andrea Mairani

Publication status: Published 9 March 2020

Journal reference: International Journal of Molecular Sciences, Volume 23, Num-
ber 6, Pages 2954

DOTI: 10.3390/ijms23062954

Authors’ contributions: HL is the first author of this publication. HL, and AM
conceptualized the study. HL and AM developed the refined model of ultra-high
dose-rate sparing at low LET by including DNA damage fixation kinetics, a dose-rate
dependent oxygen depletion rate, and consideration of the exact pulse structure of
the radiation source. HL and AM conducted all presented analyses and constructed
all visualizations. HL, with the assistance of AM, wrote the original draft of the
manuscript. HL, SM, TT, AA, JD, ID and AM contributed to the review and edit-
ing of the final manuscript. AA and JD provided resources, funding and clinical

direction.
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4.6 Impact of DNA Repair Kinetics and Dose-
Rate on RBE Predictions in the UNIVERSE

Authors: Hans Liew, Stewart Mein, Thomas Tessonnier, Christian Karger, Amir
Abdollahi, Jiirgen Debus, Ivana Dokic, Andrea Mairani

Publication status: Published 3 June 2022

Journal reference: International Journal of Molecular Sciences, Volume 23, Num-
ber 11, Pages 6268

DOTI: 10.3390/ijms23116268

Authors’ contributions: HL is the first author of this publication. HL and AM
conceptualized the study. HL developed the time dependent version of the high LET
model of UNIVERSE, implementing DNA repair kinetics. AM conducted FLUKA
simulations including mMKM and dose-rate analysis of the investigated SOBP. HL
and AM conducted all remaining analyses and constructed all visualizations. HL,
with the assistance of AM, wrote the original draft of the manuscript. HL, SM,
TT, CK, AA, JD, ID and AM contributed to the review and editing of the final

manuscript. AA and JD provided resources, funding and clinical direction.
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Chapter 5

Discussion

This thesis aims to present the initial steps of the development of a framework
including a unified model of conventional and ion beam radiation, versatile enough
to describe and predict the effect of modifiers of radiation action, the UNlIfied and
VERSatile bio response Engine. It may serve to optimize and personalize patient
care, support clinical decision-making as well as deepen our understanding of central
radiobiological processes. Here, key contributions of the projects included in this
work towards these goals will be discussed. To improve clarity, this chapter is
arranged thematically and will not follow the chronological order of the publication
date of each manuscript. However, for the sake of comparability, the publications
(Pub.) will be referred to with the numbers assigned in Chapter 4. Ultimately,
challenges concerning the introduction of the UNIVERSE into clinical practice will
be considered and possible future projects involving the UNIVERSE are laid out.

DNA Damage Repair Interference and the Ion Beam Model Assuming
the already high lethality of complex DSB to not significantly increase if DNA re-
pair is disrupted and thus projecting the change in radiosensitity onto the lethality
of isolated DSB [236], the effect of DNA damage repair interference (DDRi) (cp.
Section 2.3.3) was implemented into the low LET model of UNIVERSE in Pub.
1. The radiosensitization factor (RSF) was introduced to parametrize the effect of
DDRi by a mutation or a drug, acting as a multiplier to the lethality of isolated
DSB. It was shown that this simple approach was sufficient to describe the effects
of DDRi and that the RSF was oxygen level independent for different drugs and
mutations. As mentioned earlier, hypoxia in tumors has been linked to treatment

failure in radiotherapy [8, 28, 29] and the application of drugs interfering with DDR
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have not only been generally considered to improve treatment outcome but also to
overcome hypoxia induced radioresistance [37-39, 250]. UNIVERSE could thus not
only adapt its predictions based on possible mutations within the DDR machinery of
patients but also assist the assessment and planning of dual treatment approaches.
Crucial for the aims of this thesis was the translation of the DDRi mechanism to
high LET predictions in Pub. 4. Based on model parameters solely derived from
photon data and adapting the microscopic dose distribution, UNIVERSE accurately
predicted the effect of different DDRi agents on cell survival after mono-energetic
or mixed proton and helium irradiation. The model was successfully benchmarked
on an array of experimental data from the literature as well as an experiment con-
ducted specifically for the study. Further, the framework correctly predicted the
reduced effect of DDRi with increasing LET found in the data, resulting in lower
RBE for ion beams irradiating cells affected by DDRi. The success of this project
adds weight to a key hypothesis laid out at the beginning of this thesis !.

However, developing the ion beam model itself was not as straightforward. From the
representation of the nucleus and domain geometry over the description of the micro-
scopic dose distribution to the damage yield, appropriate models had to be chosen
and their parameters needed to be defined. Ultimately, 8 parameters emerged: vol-
ume and radius of the nucleus represented as a cylinder, genome length, side length
of a domain, effective diffusion distance of radicals, maximum interaction distance
between two SSB, yield of DSB and yield of SSB. While these parameters were tuned
to benchmarking data, they were kept within the ranges reported in literature. Al-
though some of these parameters are known to vary between cell lines, they were
set constant to reduce the number of free variables. Thus, also for ion beams, UNI-
VERSE only requires the two lethality parameters (and optionally an RSF value)
as input. Some notable intersections and differences exist between UNIVERSE and
the two clinical models, MKM and LEM (cp. Sections 2.4.2 and 2.4.3), laid out in
more detail in Pub. 4. An important conceptual parallel is the use of microscopic
domains and the calculation of the yield of lesions within them based solely on the
local energy deposition. All three models thus imply a parity between low and high
LET radiation on a microscopic level to unify the description of their action. How-

ever, key differences exist in the derivation of the biological effect: While the MKM

1“The effect of mechanisms manipulating the damage pattern or its lethality to the cell, which
are independent of the radiation quality, should be predictable in any radiation field by providing
the corresponding initial damage pattern without any modifications of the mechanism itself.”
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defines the expected amount of (not further defined) lethal lesions using the specific
dose deposited in a domain and derives the ultimate lethality from the stochastics of
energy depositions, both LEMIV and UNIVERSE, use the number of induced DSB
to define isolated and complex DSB as their initial step. However, LEMIV compares
the complexity index (Equation 2.68) of the overall damage pattern to a photon ref-
erence to determine the yield of lethal lesions, while in UNIVERSE the explicit
description of the damage pattern is conserved and damages are associated with
certain probabilities to inactivate the cell (cp. Chapter 3). The computational costs
of explicitly describing the microscopic dose and damage distribution required the
use of GPU computation techniques (cp. Section 2.2.2). While the development of
GPU codes introduced own challenges (e.g., cp. Appendix), the explicit simulations
avoids potential issues with assumptions about the stochastics of energy depositions,
which have for example lead to overhauls of the MKM [190]. The explicit description
of the damages is furthermore believed to have facilitated the implementation of the
mechanisms covered in this thesis. While the Medras model (cp. Section 2.4.4)
considers certain DDRI effects over the LET, it has yet to be benchmarked in fields
of mixed radiation quality, making UNIVERSE the first mechanistic model of com-
bined DDRi and particle radiation comprehensively benchmarked in mixed fields to
the best knowledge of the author. Presently, mixed field predictions for UNIVERSE
are based on the TDRA (cp. Section 2.4.1). However, the full particle and energy
spectrum is currently being implemented on GPU which might improve the accu-
racy of predictions and allow to investigate possible differences to the widespread
TDRA based approach. The capability to make predictions for mixed fields is cru-
cial, as most clinically relevant fields in ion beam therapy contain primary particles
and fragments of multiple energies. Using real patient plans, the potential effects of
DDRIi in a clinical scenario were investigated for photon, proton and helium beams
in Pub. 4. The study allowed novel insights into possible differences in the combi-
nation of DDRi and the distinct radiation modalities in practice, including the fact
that despite the loss in RBE, ion beams might offer a safer treatment than photon
beams which were found to exhibit a reduced therapeutic window when assuming
DDRIi to be systemic. In the future, UNIVERSE could thus help to assess the
clinical benefit of combined use of DDRi drugs and different radiation qualities or
to adapt the latter for individual patients based on known mutations in the DDR

machinery or parameters derived from biomarkers.
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Up to know, published UNIVERSE predictions only included protons and helium
ions. To achieve reasonable predictions for heavier ions (e.g., clinically relevant car-
bon ions), the increased importance of ion species resulting from their fragmentation
needs to be considered. Their implementation is currently underway. Furthermore,
ongoing investigations indicate a tendency of overestimating the biological effectiv-
ity of carbon ions at certain energies that might be due to an overproduction of
DSB. The current implementation predicts a monotonic increase of the DSB yield
with LET based on SSB clustering (Equation 2.65), while some MCS indicate a
saturation beginning above ~100 kev/pm [251]. While an empirical reduction of
the interaction distance between SSB can act as a solution to this issue, alternative

parametrizations of the DSB yield might be considered in coming developments.

Effects of Dose Rate and Hypoxia in Ion Beams Key concepts already be-
ing established by the work of others [237, 238] facilitated the implementation of
DNA repair kinetics (cp. Section 2.3.3) for low LET (Pub. 3) and high LET beams
(Pub. 6). Consistent with the literature [187, 239-241, 252-254], the extended
UNIVERSE predicts no significant dose-rate effects for both low and high LET, at
doses and dose-rates of conventional radiotherapy approaches. However, substantial
effects were observed at larger doses, commonly applied in pre-clinical experiments.
In a benchmark based on proton and helium RBE values obtained in high dose in
vivo experiments [255, 256], the extended UNIVERSE outperformed current clinical
approaches and its previous version, which do not consider dose-rate effects. The
study implied that models should consider the dose rates applied by the reference
as well as ion beams to make accurate predictions and ensure the appropriate as-
sessment of benchmarks. Ultimately, the successful implementation of the classical
dose-rate effects not only extended the capabilities of the UNIVERSE but again
demonstrated the ability of the framework to include such mechanisms for both low
and high LET radiation in a simple and transparent manner.

In contrast, the translation of sparing effects at ultra-high dose-rates (uHDR) (cp.
Section 2.3.3) from low to high LET radiation was found to be challenging. In 2014,
Favaudon et al. [58] reported the concurrent sparing of normal tissue and iso-effective
treatment of tumors in mice when uHDR were applied instead of standard dose-rates
(SDR), coining the term FLASH irradiation. While sparing of cells and tissue at
uHDR is a long-known phenomenon [56, 57, 129, 140-144], the potential increase
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of the therapeutic window based on the iso-effective treatment of the tumor kicked
off a downright FLASH hype. 2 With this, interest also returned to the explanation
and modelling of the uHDR sparing effect itself, leading to several physico-chemical
models coupled to phenomenological descriptions of radiation effect [147, 148, 150,
151]. Petersson et al. [147], proposed a simple parametrization of a radiochemical
oxygen depletion and re-oxygenation process leading to transient hypoxia, one of the
first and most prominent proposals for the underlying mechanism of uHDR, spar-
ing [56, 59, 60, 142, 147, 148]. Combining this model with the low LET segment
of UNIVERSE in Pub. 3 allowed to account for the vastly different experimental
conditions (e.g., energy of the applied low LET radiation, oxygen level or type of
biological readout) found in published studies, enabling the benchmark of the re-
sulting framework over a large panel of in vitro and in vivo data from the literature,
which lacked for the other models mentioned earlier. The study not only demon-
strated the abilities of the extended UNIVERSE to support investigations into this
highly topical subject but also highlighted, that within its model the emergence of
sparing effects is dependent on numerous variables and thus the common attempt
to determine a general dose/dose-rate for sparing effects would be unreasonable.

Although at the core of the interest in FLASH radiotherapy, the explanation for the
differential sparing between tumors and normal tissue remains highly debated [60,
147, 152, 153] and a reasonable discussion of existing hypothesis would exceed the
scope of this work. Concentrating on the establishment of a cohesive model of
uHDR sparing effects, no explicit attempt was made to predict the differential spar-
ing within UNIVERSE up to this point. However, besides trivial solutions such
as differential depletion rate constants [257], the consideration of oxygen distribu-
tions [153] within the target and the normal tissue could offer an attractive approach.
Several key changes to the uHDR model within UNIVERSE were introduced in Pub.
5: First, the temporal pulse structure of the beam was considered, enabling the study
of different combinations of pulse-structure parameters (e.g, dose per pulse and pulse
frequency), which might offer a more complete indicator for the induction of sparing
effects [258] and aid the development of suitable accelerators. Second, motivated by
accumulating evidence of reduced oxygen depletion per unit dose for higher dose-

rates [257, 259, 260] a dose-rate dependent oxygen depletion rate constant was intro-

2A search for FLASH radiotherapy yields more than 14,000 hits published since 2014 on Google
Scholar at the time of writing (September 2022)
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duced. Lastly, the DNA damage fixation kinetics of oxygen (cp. Section 2.3.3) was
implemented. Despite the increased depletion rate for SDR, these changes enabled
a reduction of the assumed oxygen depletion rate, while retaining or even improving
the model performance in benchmarks against in vitro data. Although the reduced
oxygen depletion rate approaches values measured by Cao et al. [257], strengthening
the case for the oxygen depletion hypothesis to at least explain some of the uHDR
sparing, it remains slightly above the experimental results. While Cao et al. added
Bovine serum albumin (BSA) to the irradiated flasks to mimic the presence of bio
molecules, it is debatable whether the mixture reasonably represents the chemical
milieu within a cell nucleus. The chemical composition of the target can strongly
impact the measured amount of oxygen depletion [148, 257, 261, 262], lending a
possible explanation for the discrepancy between the measured and assumed de-
pletion rate. Additionally, other mechanisms, such as radical-radical interactions,
might also need to be considered for a complete description of the sparing effects.
Despite ongoing efforts, it remains challenging to theoretically and experimentally
characterize the relevant composition and processes within the cell nucleus.

A key challenge for the transition of the implemented uHDR sparing model to high
LET is the absence of a consistent mechanistic description of the oxygen effect for
ions in UNIVERSE. There are only few mechanistically motivated models of the
overall DSB yield for ion beams as a function of the oxygen concentration [216, 263]
and extensions of LEM and MKM are either based on the empirical adaptation of
model parameters [234, 235] or of their final predictions [264, 265]. A mechanistic
approach for UNIVERSE could be the differentiation between direct and indirect
damage, where the latter mediates the majority of the oxygen effect [51] (cp. Sec-
tion 2.3.1). Anticipating future use cases, a split between the two damage types
was introduced to the low LET model of UNIVERSE in Pub. 2: Assuming the
oxygen dependent reduction of the DSB yield (cp. Chapter 3) to only affect the
indirect fraction, cell survival data for different cell lines, doses, oxygen levels and
radical scavenger concentrations were accurately predicted in a coherent extension
of the UNIVERSE. For high LET radiation, it is assumed that the fraction of direct
damage is increased, explaining their reduced susceptibility to the oxygen effect [15,
16, 103]. Some MCS even suggest that the excess yield of DSB at high LET is
caused nearly entirely by direct damages [251]. Thus, calculating the increased DSB

yield as before and applying the oxygen dependent reduction only on an unchanged
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indirect damage yield could be an approach to model the decreasing oxygen effect
towards higher LET. However, as mentioned earlier, the increased yield of DSB for
higher LET in UNIVERSE is based on clustering of SSBs. As both the number of
DSB and SSB are reduced under hypoxia [130, 216, 266], it appears more consistent
to lower their yields before the DSB yield increase based on SSB clustering is ap-
plied. A subsequent differentiation between direct and indirect damages would then
appear obsolete. On the other hand, as shown in Pub. 5, the oxygen effect does
not act instantaneously but follows a kinetic in the order of milliseconds. One could
postulate, that the clustering of induced SSB would allow for their ab initio pro-
cessing as DSB concerning their fixation by oxygen. This could justify applying an
oxygen dependent yield reduction after calculating the DSB yield increase using the
normoxic damage yields. An alternative approach might be the ozxygen-in-the-track
hypothesis: Molecular oxygen is produced within the tracks of charged particles,
which could locally revert hypoxia [267-270]. However, several studies suggest that
the produced amount of oxygen would have no biological impact [271-273] and its
exact amount and distribution remains open. The ultimate choice of the appropriate
mechanistic model of the oxygen effect for ions in the UNIVERSE remains difficult
as the presented options are not necessarily mutually exclusive and knowledge on
the underlying mechanisms as well as suitable benchmarking data is sparse.

Irrespective of the final oxygen effect model, transition of the current uHDR model
to ion beams would remain challenging: First, it is to be determined whether the
oxygen depletion should be processed analogously to low LET radiation at the mi-
croscopic level or if the radiation quality needs to be considered explicitly. Second,
it remains open how the (time dependent) microscopic oxygen distribution is to
be implemented, considering the heterogeneous energy depositions of an ion field.
Besides the fact that oxygen might also be produced (ozygen-in-the-track), it can
react with - and most importantly - diffuse throughout its environment [262]: For
meaningful sparing effects to emerge, ion tracks passing through the target would
have to change the oxygen concentration at the locations at which subsequent par-
ticle pass. However, this is virtually impossible if oxygen depletion is confined to
the extent of the ion track structure, as even for extremely high fluences overlaps
of the biologically relevant track cores are rare [274]. Yet, if the initial reduction
of oxygen is propagated via diffusion, interactions between subsequently impinging

ions are conceivable, especially considering the time scale of damage fixation. With
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the remaining ambiguities concerning key variables and processes, as well as the
computational burden of a simulation of the oxygen distribution over time, devel-
oping effective theories of the described concepts appears to be a reasonable initial

step. These could be refined continuously towards a more mechanistic description.

UNIVERSE in the Clinics and Personalized Treatment Planning A key
vision for this project was to develop a biophysical model that would introduce
treatment planning adaptation based on personalized radiobiological information to
the clinics. Is such an application feasible with the currently available technology?
What can UNIVERSE already offer for clinical practice?

Current treatment planning systems for ion beam therapy do not consider any inter-
patient differences in radiosensitivity and included biophysical models are rarely
given distinct radiosensitivity parameters for tumors and normal tissues [176]. The
irradiation of dissociated biopsy samples and their analysis via clonogenic assays
might appear to be a straightforward approach to derive personalized model pa-
rameters. However, it has been deemed too slow and labor intensive for clinical
practice [275]. Regardless, UNIVERSE would rather show its full potential if high-
throughput biomarkers could for example indicate DDRi and the model might only
need to introduce an RSF to adapt its predictions. While the loss of key DDR
enzymes has been correlated to treatment outcomes [30-35], biomarkers of DDRi
have not been implemented clinically yet due to sparsity of evidence and difficulties
in quantifying readouts [275, 276]. Furthermore, the target of biomarkers could be
distributed heterogeneously. The ultimate goal would thus be to adapt the treat-
ment plan to the spatial distribution of biomarkers. However, planning heterogenous
dose (dose painting) or LET (LET painting) distributions based on functional or
molecular imaging has already been long discussed [277-279] and numerous technical
issues, including the need for reliable biomarkers detectable by imaging systems, as
well as the resolution and quantifiability of their images, have been identified early
on [280]. In this regard, while still far from a matured technology, the treatment
plan adaptation based on hypoxia maps might have made the most progress. Sev-
eral magnetic resonance imaging (MRI) and positron emission tomography (PET)
based markers have been explored [281]. Maps based on the PET marker [18F]-
fluoromisonidazole (FMISO) have been used in early studies demonstrating dose

painting for conventional radiotherapy sources [278, 282]. In the context of ion
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beam therapy, utilizing phenomenological OER models, FMISO maps where used
in recent recalculations studies [283] and treatment planning systems were modified
to include hypoxia maps [264, 265, 284]. Unfortunately, imaging of DDRi biomarkers
has not made comparable progress. While molecular imaging was seen as a promis-
ing technology early on, even providing spatial resolution of p53 expression [285], it
continues to face significant challenges [286]. Thus, the full optimization of treat-
ment plans using UNIVERSE based on spatial distributions of DDRi taken from
individual patients will still necessitate considerable technological advancements.

While this part of UNIVERSE might yet be unable to realize its full potential in the
clinics, it is an important first step in establishing a crucial element of the infras-
tructure necessary for fully personalized radiooncology. Furthermore, its general ion
beam model may soon be implemented in treatment planning systems and planning
studies such as those conducted in Pub. 4 could already offer general clinical guide-
lines. In addition, conclusions drawn from UNIVERSE predictions might motivate
novel paradigms in radiotherapy. For example, findings in Pub. 4 could imply a
different approach to manage heterogeneous distributions of radiosensitivity within
a tumor, without the knowledge of the distribution itself: Assuming the heterogene-
ity of the radiosensitivity to be based on differences of DDR proficiency, its effect
should be reduced when applying high LET radiation. Indeed Glowa et al. demon-
strated, that in a carbon ion SOBP (mean LET ~75 kev/um) the impact of tumor
heterogeneity was decreased substantially in experimental prostate tumors in com-
parison to conventional irradiation [287-289]. One might therefore consider actively
increasing the applied LET throughout the target by incorporating LET coverage
into the treatment plan optimization [4] and/or by adapting advanced treatment
techniques for example based on particle arc therapy [290] or combination of mul-
tiple ion species [291]. Thus, even before its direct implementation into the clinical

pipeline, UNIVERSE could offer impulses to the practice in radiotherapy.

Ongoing and Future Projects Several ongoing projects have already been men-
tioned: The implementation of the full particle and energy spectrum on GPU, the
inclusion of heavier ions, and the development of an oxygen effect model for ion
beams. The establishment of the latter is a key prerequisite for the planned transi-
tion of the uHDR sparing model to higher LET. While the mechanisms underlying

the potentially differential effect of uHDR in tumors and normal tissues might be
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implemented once the corresponding evidence has accumulated, UNIVERSE predic-
tions are currently extended and compared to tumor volume kinetics data that has
been used to prove the absence of uHDR sparing effects in tumors. If the model is
able to predict the observed trends, it could investigate the effect of uHDR on more
clinically relevant metrics such as the tumor control probability (TCP). In general,
UNIVERSE could be tested in a more clinical context by recalculating retrospective
patient data and comparing against the actual treatment outcome.

The ability to predict alternative biological endpoints beyond those based on the
survival fraction could aid the establishment of innovative approaches to treatment
and its optimization. One could try to derive the spectrum of induced DNA frag-
ments based on the simulated distribution of DSB. These could act as a basis for
models of immunogenicity via the cGAS-STING pathway [292] or possible bystander
effects [293, 294]. Extending predictions to the frequency of chromosomal aberration
could even enable the assessment of the secondary tumor induction probability [295].
In a more profound step in the evolution of the framework as a biophysical model,
damage classes could be generalized and concurrently rooted deeper into radiobi-
ological observations: Statistics of ionization events on the nanometer scale have
been found to be well correlated to ion beam RBE [296]. On a similar scale, Super-
Resolution-Microscopy enables the analysis of the topology - and thus to some extent
the complexity — of radiation induced fluorescent foci (RIF) which act as markers
of DNA damage [297]. If a connection between the nano-dosimetric description of
the radiation field and the statistics of damage topologies/complexities could be
established, one might be able to extend the damage description of UNIVERSE to
these damage classes and predict their frequencies with a nano-dosimetric simula-
tion. Such a description might improve the accuracy of model predictions. However,
each UNIVERSE extension would have to be reestablished based on the new fun-
damental model of the radiation action.

Ultimately, the accomplished work discussed in this chapter and the many ongoing
and planned extensions of UNIVERSE underline the great versatility of this frame-
work. Through that, UNIVERSE is a practical tool to investigate radiobiological
mechanisms and is well prepared to follow future trends in radiooncology, where
increasing focus will be put on personalized care, innovative multimodal treatment
approaches as well as their prescription and planning, which will need to consider

an increasing number of inputs from multiple disciplines.
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Chapter 6

Summary

The application of ion beams in radiotherapy enables superior precision of dose de-
position as well as potentially increased biological effectiveness in comparison to
conventional radiation and has driven lasting research interest. However, the effect
of several factors, such as the target oxygenation, the applied dose-rate, as well as
the presence of radical scavengers or radiosensitizing drugs and mutations, which
are known to modify the effectiveness of radiation are yet to be fully characterized
and understood, especially in ion beam fields. A theoretical framework based on a
unified model of radiation action for conventional and ion beam radiation, versa-
tile enough to describe and predict the effect of these modifiers, could be a crucial
contributor to the optimization and personalization of treatment plans, the clinical
decision-making process as well as the investigation of key radiobiological mecha-
nisms. In an effort to address this need, this thesis presents the initial developments
of the UNIfied and VERSatile bio response Engine (UNIVERSE). Its underlying
model of radiation action in biological systems is based on the clustering of radia-
tion induced DNA double strand breaks (DSB) in microscopic domains within the
cell nucleus. One central hypothesis of the UNIVERSE is that the effect of mech-
anisms manipulating the radiation induced damage pattern or its lethality to the
cell, which are independent of the radiation quality, should be predictable in any
radiation field by providing the corresponding initial damage pattern without any
modifications of the mechanism itself. Thus, the main strategy for this thesis was
to establish the mechanism connecting a given damage pattern in the nucleus to the
biological effect based on readily available photon data and apply it to the damage

patterns simulated within ion beam fields.
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This work is put forward in the form of a cumulative thesis containing 6 peer-
reviewed publications (Pub.) in total.

In Pub. 1 the effect of DNA damage repair interference (DDRi) was introduced to
the low LET model of UNIVERSE. The study showed the effect could be modeled by
modifying the lethality of isolated DSB only and that this change was independent
of the oxygen level for several mutations and pharmaceutical inhibitors of the DDR.
In an important step for the overall framework, the DDRi model was successfully
transitioned to higher LET in Pub. 4, where the ion beam model of UNIVERSE
was first presented. Model predictions were benchmarked on data obtained after
application of monoenergetic or mixed fields of proton and helium beams from the
literature and own experiments. The framework correctly predicted several trends
reflected in the data, such as the reduced effect of DDRi with increasing LET, re-
sulting in a lower RBE for ion beams irradiating cells with DDRi. With this, to the
best knowledge of the author, UNIVERSE contains the first mechanistic model of
DDRi in combination with ion beams which has also been benchmarked with data
from clinically relevant mixed fields. Patient planning studies based on UNIVERSE
predictions allowed novel insights into possible advantages and disadvantages of
combining DDRi with different radiation modalities.

The effect of DNA repair kinetics in conjunction with the applied dose-rate (classical
dose-rate effects), where first established and benchmarked for low LET radiation in
Pub. 3 and transferred to high LET radiation in Pub. 6. There, the study showed
that the dose-rates of the reference and ion beam radiation should be considered
to ensure accurate predictions and the appropriate assessment of benchmarks, es-
pecially in high dose pre-clinical setups. In such a setup, the extended UNIVERSE
outperformed its old version and current clinical approaches, which do not consider
dose-rate effects.

The topical subject of sparing effects emerging at ultra-high dose-rates (uHDR)
applied in FLASH radiotherapy has been addressed in Pub 3., where an oxygen
depletion mechanism was implemented into the low LET model of UNIVERSE and
was benchmarked on a panel of in wvitro and in vivo data. To the best knowledge
of the author, this makes UNIVERSE the first mechanistic and (to this date) the
most comprehensively benchmarked model of radiation action including an uHDR
sparing effect. The observation of sparing effects was found to be dependent on

numerous factors, implying that a general dose or dose-rate threshold would be un-
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reasonable. The model was refined in Pub. 5., where the beam pulse structure is
explicitly taken into account and the oxygen dependent damage fixation kinetic was
implemented. Despite also considering an increasing trend of the oxygen depletion
rate towards conventional dose-rates, these changes allowed for an overall reduction
of the assumed oxygen depletion rate, approaching measured values, while retaining
the predictive capabilities of the model.

The transition of uHDR sparing effects to the high LET model remains challenging,
especially due to the current absence of a mechanistic oxygen effect model for ion
beams in UNIVERSE. To this end, several possible approaches could be considered,
including the differentiation between direct and indirect damages. Such a differen-
tiation was introduced in Pub. 2 for low LET radiation and successfully predicted
the effect of a radical scavenger in different concentrations at varying levels of oxy-
genation.

Unfortunately, even with an established oxygen model for high LET, a mechanistic
implementation of uHDR sparing effects for ion beams would face considerable chal-
lenges. Furthermore, substantial technical limitations remain to be resolved before
a biomarker-based personalized treatment plan adaptation using the UNIVERSE
would be possible in the clinics. Nevertheless, the inclusion of diverse modifiers of
radiation action into the established framework should be seen as a crucial first step
towards the creation of a pipeline which could consider them as variables during
treatment plan optimization in the future. Furthermore, UNIVERSE predictions
and treatment planning studies can already contribute valuable insights into the ef-
fects of the different modifies in clinical settings, which may already support radioon-
cologists in their decision-making. The ability of UNIVERSE to include mechanisms
from distinct areas of radiation sciences, demonstrated in this thesis, emphasizes the
versatility of this framework. This makes it a constructive tool to investigate radio-
biological phenomena which carries great potential to accompany future trends in
radiotherapy, where multimodal approaches will most likely gain growing attention
and treatment optimization based on variables from multiple disciplines will become
increasingly necessary. Numerous projects extending the capabilities of UNIVERSE

are already underway and several future extensions are planned.
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Appendix

Implementation of the diffused RDD on GPU

For the ion beam model within the UNIVERSE, the Kiefer-Chatterjee parametriza-
tion (Equation 2.10) of the radial dose distribution (RDD) was used to describe the
microscopic dose distribution surrounding the path or particles. This parametriza-
tion is also used in combination with the MKM since the late 2000s [64] (cp. Sec-
tion 2.4.2). Furthermore, a diffusion kernel (Equations 2.66 and 2.67), first intro-
duced for LEMII [298](cp. Section 2.4.3), was applied to the RDD to simulate the
diffusion of radical species. This combination was chosen, it was shown to match
MCS of RDD with subsequent diffusion well [66]. However, implementing the result-
ing expression of the RDD (D(r)) directly onto the GPU was found to be inefficient
and an approximative description had to be developed.

The following section has been taken from the supplementary material of Paper 4
which can be found under doi:10.1016/j.1ijrobp.2021.09.048.

To enable practical and efficient implementation of the diffused radial dose distribu-
tion (RDD) on the Graphics Processing Units (GPU), a three-step approximation
of the RDD (D(r)) was developed and applied in this study (Figure S1). The ap-
proximate form comprises a constant inner core of the radius 7,,;, with a core dose
ﬁc, a steeper inner penumbra up to a transition radius 7., inside which the dose
reduces by the exponent Z and an outer penumbra, that equals the penumbra of

the Kiefer-Chatterjee parametrization. The maximum electron range is extended to

Tmaz = Tmaz + 20, to approximate the extended range by diffusion. In summary,
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~

D(r) can be written as:

bc r S 7:mm
D<T) - (fﬁ;m)x : ZA)c ’ﬁmm <r S ’ﬁtrans (61)
Kp : T_Q ftmms <r S TAmam

The value of D, was defined as D, = ﬁ(rmm /100). In order to determine & for the
inner penumbra, the turning point of the 15(7") inside it in the log-log representation
(as in Figure S1), 74y, had to be calculated. It was found empirically that this
value could be determined numerically as a minimum of the third derivative of 5(7“)
with respect to r. Using one radius value slightly above (74,1 ) and slightly below

(Fturn—) the turning point 7y,.,,, one can derive an expression for the exponent :

Thurn— D(?’A’turn_’_)

Reshaping the expression for the intermediate range from Equation 6.1, one can

derive 7 p,in, the radius where the inner penumbra reaches the core dose, using:

~ -5 7 urn A
T'min = <%> " Tturn+- (63)

B[

The transition radius 74.qns, at which the inner penumbra cuts the Kiefer-Chatterjee

penumbra can be derived to be given by:

1

) . D\
Ttrans = (Tmm ’ ?) . (64)

p

While this approximate form of the diffused RDD significantly simplifies the imple-
mentation and calculation on GPU] it inevitably introduces a systematic deviation
from the underlying diffused RDD. To ensure that during the simulations the LET
applied by the approximate RDD does resemble the input as close as possible and
the dose that is to be applied is conserved, the approximate RDD is divided by a

scaling factor x in the final step. This factor was determined by:

_ 2mp fofm” D(r)rdr
" LET
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where LET is in this case the input value. For low particle energies, the scaling factor
was found to be energy-dependent, while for larger Energies it was approximately
constant. A three-part function was applied to describe these trends (a gaussian,

an exponential and constant region):

0.2612 - e 1 L(EZ02) 1 49 B < .24
K(E) = {0.485 - e 346F 4 1,37 0.24MV. < | < 1.5V (6.6)

1.35 E > 1.5M¥

The simplicity of the parametrization comes with the cost of deviations at the bound-
aries between the sections and at ~20 % However, applying the scaling factor
given by the parametrization and comparing the applied LET of the scaled RDD
and the input LET, it appears, that inside the range of energies analyzed in this
work the deviation does not exceed 2%. This suggests that the deviations of the
parametrization of the scaling factor have no significant impact on the simulation

of dose distributions.

Radial Dose Distribution of a 10 keV/um / 20.97 MeV/u He-lon
108 B

104 4

102 4
=
)
® 100 A
o
o
10—2 4
P Kiefer-Chatterjee Parametrization \‘
- Diffused RDD
-+ Scaled Approximate RDD
1073 1074 1073 102 1071 10° 10!

Radius [um]

Figure S1: The radial dose distribution (RDD) of a 10 keV/um / 20.97 MeV /u He-
4 ion as described by the Kiefer-Chatterjee parametrization (blue solid line), after
convolution with the diffusion kernel (orange dashed line) and the approximate
version scaled with the factor s applied in this study (green dash-dotted line).
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