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New Methods to Evaluate and Reduce Uncertainties in Particle Therapy:
From LET Calculation to CICR Planning

For cancer treatment, particle therapy is becoming increasingly available, featuring pre-
cise tumour targeting and favourable depth dose distributions. However, the usage of
ionised particles for irradiation is accompanied by a variable and multi-dimensional bi-
ological effect. Furthermore, particle therapy is susceptible to range and beam delivery
uncertainties. Therefore, new methods and techniques that analyse and mitigate these
effects are presented here. To independently verify treatment plans and provide addi-
tional clinical insights on relative biological effectiveness (RBE) the FRoG (Fast dose
Recalculation on GPU) analytical dose calculation engine has been adapted to a third-
party treatment facility and benchmarked. Analyses of a biophysical dose-model that will
be used for the first helium-ion therapy with active scanning was carried out, yielding
considerable dose-differences for clinically relevant biological assumptions in a biological-
sensitivity study. Furthermore, the dose uncertainty of applying a mixed radiation field
particle-spectra was quantified, revealing non-negligible but clinically acceptable dose dif-
ferences. A novel method that combines multiple ion-species in the same treatment field
to yield constant RBE, potentially reducing the RBE uncertainty of light ions was de-
veloped and experimentally verified in homogeneous and heterogeneous conditions. The
investigations presented here contribute to the uncertainty evaluation and reduction of
future particle treatments.





Neue Methoden zur Evaluation und Reduktion von Unsicherheiten in Teil-
chentherapie: Von LET Berechnungen bis CICR Planungen

Teilchentherapie, die sich durch zielgerichtete Bestrahlung und günstige Tiefendosisef-
fekte auszeichnet, gewinnt zunehmend an Bedeutung für die Krebstherapie. Hinzu kom-
men jedoch auch variable, multi-dimensionale biologische Effekte und eine Anfälligkeit
für Reichweiten- und Bestrahlungsunsicherheiten. Aus diesem Grund werden hier neue
Methoden und Techniken vorgestellt, die diese Effekte evaluieren und abschwächen. Um
Behandlungspläne unabhängig zu verifizieren und dabei zusätzliche klinische Erkenntnis-
se über die relative biologische Effektivität (RBE) zu gewinnen, wurde die analytische
Dosisberechnungs-Engine FRoG (Fast dose Recalculation on GPU) auf eine weitere be-
handelndende Klinik angepasst und verifiziert. In einer weiterführenden Studie zur Bio-
sensitivität wurde durch die Analyse eines biophysikalischen Dosismodells, das zur ersten
Heliumionenbestrahlung mit aktiv-gelenkter Strahlführung benutzt werden wird, deutli-
che Dosisunterschiede für zwei klinisch relevante biologische Annahmen gezeigt. Darüber
hinaus wurde die Dosisunsicherheit bei der Anwendung eines gemischten Strahlungsfeld-
Partikel-Spektrums quantifiziert, wobei sich nicht vernachlässigbare, aber klinisch akzep-
table Dosisunterschiede ergaben. Eine neuartige Methode die mehrere Ionenarten in einem
Bestrahlungsfeld kombiniert um ein konstantes RBE generieren, welche RBE Unsicherhei-
ten leichter Ionen reduzieren kann, wurde experimentell unter homogenen und heterogenen
Bedingungen verifiziert. Die hier presentierten Untersuchugen tragen zur Reduzierung und
Evaluation von Unsicherheiten in zukünftiger Teilcherapie bei.
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1. Introduction

1.1. Radiation Therapy

Although scientific attention is currently focusing on the raging 2020/2021 COVID-
19 pandemic (128), cancer is still one of leading causes of death in the developed
world. For 2020, the American Cancer Society projected ∼ 1.800.000 new incidents
and ∼ 600.000 deaths caused by cancer in the United States America alone (126).
Together with chemotherapy and surgery, radiation therapy is one of the most im-
portant treatment options of malignant tumours. Only months after the discovery
of X-rays in 1885, the first patient was treated with X-rays (109; 34). Ionising ra-
diation affects healthy tissue and tumour cells differently. Tumour cells have worse
repair mechanics than healthy tissue, which can be exploited for treatment (118).
Radiotherapy can be applied in multiple fractions that deliver the total prescribed
ionising energy over the course of weeks. Due to the low costs compared to particle
therapy and accessibility, radiation therapy with X-rays is currently the most com-
mon form of radiation therapy. However, the number of centres providing ionised
particle therapy and patients that were treated with particle therapy is increasing
in recent years (104).
The usage of proton (p) beams for cancer treatment has already been proposed in
1946 by Robert R. Wilson (148). Wilson argued that due to the finite and control-
lable range, as well as the favourable depth energy deposition, fast p allow for very
conformal tumour irradiation. The amount of energy deposited by ions is inversely
proportional to the penetration depth in a medium that peaks in the so-called Bragg-
Peak (BP) after which the energy deposition drops to almost zero, sparing healthy
tissue distally of the target. By overlapping multiple BPs of different ranges, i.e. en-
ergies with each other, a Spread-Out Bragg Peak (SOBP) can be formed that covers
the entire tumour volume. In contrast, the energy deposition of X-rays decreases
exponentially with depth delivering energy beyond the tumour. Schematic differ-
ences in energy deposition between a p SOBP irradiation and a X-ray treatment are
displayed in figure 1.1. Except for a small region in the entrance, p radiation de-
posits less ionising energy to healthy tissue compared to X-rays for a similar target
coverage.

The first clinical usage of light ions was pioneered at the Lawrence Berkeley Na-
tional Laboratory (LBNL), California, which treated the first patient ∼ 8 years after
Wilsons publication (114). At LBNL, light ions such as neon ion (20Ne) or helium

1



2 Chapter 1 Introduction

Figure 1.1.: The energy depositions of an X-ray beam and a p SOBP. For X-rays the
in-depth energy deposition decreases exponentially after a short rise,
while ions deposit their ionising energy inversely with depth. With
particle therapy, ionising energy to tissue outside the target is reduced
compared to X-rays. Figure adapted from Goitein (34).

ion (4He) were investigated to treat cancer. Clinical trials at LBNL were eventually
shut down in the last decade of the 20th century (114). In 2009, the Heidelberg Ion-
Beam Therapy Center (HIT), Heidelberg, Germany started its patient treatment
with actively delivered p and carbon ion (12C) beams (21).
Particle therapy is individually tailored to every patient. Using a three-dimensional
image of the patient, the energy as well as the position and intensity of every particle
beam is adjusted to homogeneously irradiate the tumour. These treatment plans are
created by dedicated Treatment Planning Systems (TPSs). Although all plans are
checked for deliverability and dosimetric consistency usually before the first treat-
ment (149), the exact energy distribution within the patient can still vary depending
on the TPS prediction accuracy and uncertainties with the beam delivery or the
patient. Deviations from TPS predictions are more likely in tissue-heterogeneous
regions of the human body with analytical algorithms. Using an anthropomorphic
head phantom, a recent study with p and 12C ions showed that measurements devi-
ated from TPS predictions around 4 % (91). Uncertainties can be nowadays taken
into account during the treatment planning process with extra safety margins or ro-
bust optimisation (138). Even though the overall calculation accuracy is constantly
improved, especially with the introduction of commercial Monte Carlo (MC) pow-
ered TPSs in p therapy (145), dose accuracy is still one the biggest concerns in
particle therapy. Independent plan verification can potentially contribute to uncer-
tainty reduction of intrinsic errors in the TPS predictions. To that end, independent
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TPS verification at a p treatment facility was investigated in this work, potentially
decreasing uncertainties within p therapy.
For the same deposited energy, the cell damage can vary between X-rays and fast
charged particles. Therefore, particle therapy uses the concept of Relative Biolog-
ical Effectiveness (RBE) to relate clinical experience obtained with X-rays to ions.
The exact determination and application of variable RBE is still highly discussed
(99). For clinical usage of p, an RBE of 1.1 is clinically used worldwide, even though
multiple studies showed varying RBE with Linear Energy Transfer (LET) (99). For
other light ions, such as 4He or 12C, RBE values in the range from ∼ 2 to ∼ 5 were
observed in-vitro and in-vivo experiments (58; 113; 89). The uncertainty in RBE
prediction is reflected by the variety phenomenological and mechanistic dose models
to predict RBE of p and other light ions (41; 28; 46; 144; 86; 76). These models
usually use both physical and biological variables such as LET or X-ray cell sensitiv-
ity as principal inputs. However, the exact biological variables are a priori mostly
unknown in patients and can only be estimated from previous treatment experience
of similar tumour histology (139). Therefore, particle therapy is accompanied by an
intrinsic uncertainty stemming from RBE prediction accuracy. By investigating the
biological sensitivity of treatment plans with ions prior to delivery, i.e. quantifying
RBE uncertainties, the latter could be revealed and potentially reduced with new
treatment planning.

1.2. Thesis Outline

This work is presented as a cumulative thesis that shows the development and veri-
fication of novel methods that evaluate, reduce, and overcome intrinsic uncertainties
of modern particle therapy, e.g. plan conformality, dose prediction accuracy, and
RBE variations of light ions. An introduction to the physics of charged particles
with for particle therapy relevant kinetic energies is given in chapter 2. Impor-
tant methods, concepts, and techniques for this work are introduced in chapter 3.
Afterwards three publications are put forward in chapter 4 that

4.A) establish and verify a fast secondary dose calculation engine at a proton ther-
apy centre to independently verify treatment plans and provide additional
clinically relevant information such as p RBE

4.B) investigate a method for fast biological dose calculation for actively scanned
4He beam therapy and determine the sensitivity of a biophysical dose model
to clinical parameters

4.C) develop, verify, and analyse a method for multi-ion particle therapy that de-
livers a constant physical dose and constant RBE to the target.

The results and implications of the findings of these publications are discussed and
summarised in chapters 5 and 6, respectively.





2. Physical Rationale of Charged
Particles

2.1. Energy Loss

The stopping power S, i.e. the energy loss per unit length (− dE/ dx) of an charged
particle (ion) in matter can be described by three components,

S = −dE
dx =

col︷ ︸︸ ︷
Sel + Snuc +Srad, (2.1)

where the collision (col) stopping power is the sum of inelastic interactions with
electrons (Sel) and elastic interactions with the nucleus (Snuc) (49). The radiative
energy loss (Srad) scales inversely with the square root of the projectile mass and
can therefore be neglected in particle therapy due to the high particle masses (49).
For high particle energies, Snuc is also negligible while at very low energies for high Z
particles such as 12C or oxygen ion (16O), Snuc dominates over the electric stopping
power. Sel and Snuc for p and 12C ions as a function of particle energy are shown in
figure 2.1. Not accounting for Snuc and Srad, the mean energy loss per unit length
(− < dE/ dx >) can be described with the Bethe-Bloch formula

−
〈dE

dx
〉
≈< Sel >=

ρ4πNAr
2
emec

2Z2
pZt

Atβ2

[
1
2 ln 2mec

2β2Wmax

I2(1− β2) −β
2−γ2 +SBB

]
, (2.2)

where ρ is the mass density, NA is the Avogadro constant, Zp and Zt are the projectile
and target charge, respectively (52). At is the targets atomic mass, while the mass
and radius of an electron are me and re, respectively. Wmax is the maximum energy
that can be transferred to an electron in a single event, while the mean excitation
energy for an electron is I. For water in liquid form, the International Commission
on Radiation Units & Measurements (ICRU) recommends an I value of 78 eV, with
an uncertainty (standard deviation) of 2 eV (51; 52). The original Bethe-Bloch
formula did not account for extremely high (relativistic) and low particle energies.
To that end, energy loss corrections for shell (SBB) (at low particle energies where
the velocity of bound atomic electrons can not be neglected (49)) and density (γ)
are added in equation 2.2. Lastly, β is the relative velocity of the projectile with
respect to the speed of light c. In a first approximation the energy-loss of ions in
matter is inversely proportional to β2.

5



6 Chapter 2 Physical Rationale of Charged Particles

Figure 2.1.: Energy loss of p and 12C in water is depicted as a function of particle
energy. For 12C, the remaining range is drawn on the top axis. Taken
from Schardt et al. (114).

At low particle energies, ions recombine with free electrons in the material and the
effective charge of an ion beam (Zeff) reduces. Zeff can then be described by

Zeff = Zp[1− exp(−125 β Z−2/3
p )], (2.3)

where Zp is again the charge of the projectile (114). The combination of increasing
energy loss at low particle particle velocities (dE/ dx ∝ 1/β2) and decreasing Zeff
results in the so-called BP, i.e. a short rise of energy deposition, followed by a
quick descend. The depth energy deposition curves of a p and 12C BP are displayed
in figure 2.2. A BP can be separated in multiple regions; the plateau is the most
proximal part of a BP and is followed by the peak itself. The proximal and distal
edge of a BP refer to the energy deposition rise and fall-off before and after the
peak, respectively. For ions other than p, there is a tail after the peak due to
particle fragmentation (c.f. section 2.2).
An important quantity for radiation biology is the LET of ions. The ICRU defines

LET [keV/µm] as the amount of energy loss per unit length that is lost by an ion
due to inelastic electronic collisions (in a volume), subtracting the amount of energy
that is transferred out (of the volume) by secondary electrons with energies larger
than a threshold ∆ (50). The restricted LET is defined as

LET∆ = dE∆

dx . (2.4)

For an infinite high threshold of ∆, LET∆ is equivalent to Sel. Numerous studies
have investigated the influence of LET on the RBE (c.f. section 3.3.2) for p (147;
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Figure 2.2.: Overview of p and 12C BP in-depth energy-deposition profiles in water.
The different sections of the BPs are labelled.

144; 86; 76). To quantify the LET of a mixed particle radiation field, i.e. different
ion species and particle energies in a volume, the LET is either averaged over the
track length of the particles or by their dose deposition (c.f. section 3.2). The latter
approach is more often used and the (unrestricted) Dose-averaged Linear Energy
Transfer (LETd) can be defined as

LETd =
∫

ΦSel(E)S(E) dE∫
ΦS(E) dE , (2.5)

where Φ is the particle fluence and S(E) the energy dependent stopping power (7).
Note that for e.g. biological modelling, sometimes only LETd of individual ion
species, e.g. of Z = 1 (p, deuterium (d), and tritium (t)), particles are included in
equation 2.5.

2.2. Nuclear Fragmentation

While traversing through matter, ions can interact with the target nuclei via the
strong nucleon-nucleon force either elastically or inelastically (34). An ion that
elastically interacts with a target nuclei is heavily scattered and loses a considerable
amount of its kinetic energy (34). The projectile and target stay thereby intact.
The inelastic collision between a projectile and a target nucleus can be described by
the abrasion-ablation model in a two step process (124; 114). In the first step, the



8 Chapter 2 Physical Rationale of Charged Particles

Figure 2.3.: Visualisation of the abrasion-ablation model. A detailed description is
given in the main text (c.f. section 2.2). Figure taken from Schardt et
al. (114).

overlapping regions of the projectile and the target nucleus merge in the so-called
fireball. A partial overlap of target and projectile is thereby more likely than a full
overlap. In the second step, secondary particles, i.e. fragments, with approximately
the same velocity and beam direction of the projectile emerge from the fireball. A
schematic of the two processes of the abrasion-ablation model is visualised in figure
2.3. Fragments with lower mass/charge are more likely and traverse further than a
primary ion, creating an energy deposition tail after the BP. Furthermore, they also
scatter more than the primary ions and therefore influence the overall lateral beam
shape. For light ions with Z > 1, secondary fragments considerably contribute to
the overall dose of a pencil beam. Figure 2.4 (left) displays the number of secondary
per primary particles (N/N0) as a function of penetration depth for a 400 MeV/u
12C ion beam in water. With increasing penetration depth, the number of Hydrogen
(H), Helium (He), Lithium (Li), Beryllium (Be) and Boron (B) ions, i.e. secondaries,
outweighs the number of primary 12C ions. The BP position is indicated by a vertical
black dashed line. The relative contribution of primary, secondary, and tertiary (i.e.
fragments produced by secondary particles) fragments to the total deposited energy
of a 670 MeV/u 20Ne beam are shown in the right panel.
Inelastic interactions with the target nuclei reduce the number of primary projectiles

with range. For high particle energies, the fluence after a penetration depth (Φ(d))
can be described by an exponential function

Φ(dm) = Φ0 e
− dm
λm , (2.6)

where Φ0 is the initial particle fluence, dm is the distance in matter, and λm is a
material and particle specific absorption length (52). For 12C ions, 50 % of 12C ions
remain at dm = 18 cm in water, assuming a λm of 25.9 cm (52).
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Figure 2.4.: In the left panel, the buildup of secondary ions (H, He, B, Li, Be) in
water for a 400 MeV/u 12C ion beam is shown. The BP is indicated by
the vertical black dashed line. In the right panel, the energy deposi-
tion of primary, secondary, and tertiary fragments are visualised for a
670 MeV/u beam. Figures adapted from Schardt et al. (114).

2.3. Range

The range of a particle beam is the length it traversed through a medium. Using the
Continuous Slowing Down Approximation (CSDA) the range (R) can be calculated
as a function of energy (E) (114; 52)

R(E) =
∫ 0

E

(
dE ′
dx

)−1

dE ′. (2.7)

The range of a particle beam is direct proportional to its atomic number (A) over
the square of its charge (Z) (52),

R ∝ A/Z2. (2.8)

Figure 2.5 shows the ranges of p, 4He, 12C, 16O, and 20Ne beams in water. A non-
linear dependency of range to the initial particle energy can be seen. For the same
beam energy, 20Ne ions have the smallest range of the investigated particles. p and
4He beams have approximately the same range in water for the same energy, due to
the A/Z2 dependency. The CSDA range does not necessarily equal the penetration
depth in a medium as the particle also undergoes lateral scattering. As heavier ions
such as 12C or 16O undergo little lateral scattering (c.f. section 2.5), the CSDA range
is a good first order approximation (118; 67).
In radiation therapy, the range of a beam is often described by the point where the
beam energy deposition falls to 80% of its maximum (R80). For p beams, R80 also
nearly corresponds to the point where 50% of the initial protons are absorbed (34).
The concept of range can also be extended to include biological scaling factors e.g.
RBE (c.f. section 3.3.2) (15).
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Figure 2.5.: Beam range R of different ions in water as a function of kinetic energy.
α refers to 4He ions. Taken from Schardt et al. (114).

2.4. Range Straggling

The energy loss of a particle is a stochastic event. Two particles with the same
initial kinetic energy and traversing the same medium might not have the same
range. These differences in range are called range straggling, yielding a broadened
BP (114). For thin absorbers, i.e. a small number of interactions, the stochastic
energy loss can be described by the Vavilov distribution (140; 114), while for a
large number of interactions (or thick absorbers) the energy loss follows a Gaussian
distribution (12; 2). The ratio of the BP broadening width (σr) to the average beam
range (R) is almost constant and can be described by

σr
R

= 1√
M

f

(
E

Mc2

)
, (2.9)

where E is the initial beam energy, M is the projectile mass, c is the speed of light
and f is a material dependent function (110; 114). As σr/R is indirect proportional
to the square root of the particle mass M , light ions such as 4He or 12C feature
smaller BP widths than p. To that end, a Ripple Filter (RIFI) (143) can be employed
that artificially widens the BP, reducing the number of beam energies to create a
SOBP.

2.5. Lateral Scattering

Particle beams traversing matter exhibit a beam widening with penetration depth
that is caused by elastic Coulomb interactions of the ions with the target nuclei.
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Figure 2.6.: Comparisons of lateral spread of p, 4He, 12C, and 16O ion beams in
water. Figure taken from Parodi (101).

Individual elastic Coulomb interactions of the projectile with the target nuclei often
result in only a small deflection from the primary particle path. However, particles
undergo a large number of Coulomb interactions with the nuclei and the combina-
tion of several deflections is called multiple-Coulomb scattering (MCS) (114; 52).
MCS is the main source of beam widening and the lateral scattering from inelastic
collisions with target electrons can be neglected in particle therapy (114).
The scattering by Coulomb interactions for ions in matter was explored theoretically
by Molière using the the Thomas-Fermi method (95; 96). In a first approximation,
the deflection angle σΦ of a particle beam traversing through a length d in matter
with the radiation length Lrad can be described with the so-called Highland approx-
imation by a single Gaussian distribution with zero mean and standard deviation
given by

σΦ[rad] = 14.1 MeV
βpc

Zp

√
d

Lrad

[
1 + 1

9 log10

(
d

Lrad

)]
, (2.10)

where β is the relative particle velocity to the speed of light (c), Zp is the particle
charge and p the beam momentum (114; 43). Note that equation 2.10 is only valid
when d� remaining ion range, i.e. for thin absorbers (35). The deflection angle is
dominated by the 1/βp term of equation 2.10, resulting in lower deflection angles for
higher Z particles (118). A comparison of the mean lateral deflections of different ion
beams is shown in figure 2.6. Light ions such as 16O, 12C, or 4He scatter considerably
less than p, making them especially suited for therapy critical structures are located
lateral to the target.





3. Material and Methods

3.1. Beam Delivery

3.1.1. Particle Accelerators

In particle therapy, particle accelerators are used to bring ions to their therapeutic
kinetic energy. The limiting factor for all particle accelerator types is that for clin-
ical practice, they should be able to produce ion beams with ranges of ∼ 30 cm, to
reach any tumour location within the human body (114). Currently, the two main
types of accelerators employed for particle therapy are cyclotrons, and synchrotrons,
while linear accelerators are mostly used as pre-accelerators for synchrotrons.
Cyclotrons accelerate ions by combining an alternating electric field that is per-
pendicular on a constant magnetic field. Due to the Lorentz-force, the particles are
bound to a spiral path and exit the cyclotron with a fixed energy that is quadratically
dependent on the magnetic field strength B and size (radius R) of the cyclotron.
For non-relativistic particles, the energy of an ion Eexit with charge Z and mass M
after leaving the cyclotron is

Eexit = (ZeRB)2

Au
, (3.1)

where e is the electric charge and u the atomic mass (24). At relativistic particle
energies, the frequency of the alternating electric field or the magnetic field strength
has to be adjusted to account for the increasing particle mass. Eexit defines the max-
imum energy, i.e. maximum range of the therapeutic beam. For lower beam ranges,
degraders of varying thickness are inserted upstream of the patient that reduce Eexit
(114). Due to nuclear interactions, these degraders produce secondary protons and
reduce the overall beam intensity. Furthermore, in theory, the degraders also in-
troduces additional range straggling that flattens the energy deposition peak and
therefore reduces the peak-to-plateau ratio, which in reality can be reduced with a
beam energy cleaning process (117; 114). Nevertheless, cyclotrons offer increased
particle-rates compared to synchrotron accelerators (118) as the particles are ex-
tracted as an (almost) continuous particle flux. In particle therapy, cyclotrons are
only used to accelerate p, despite recent efforts to develop a Z > 1 light ion cyclotron
(56).
In a synchrotron, the particle beams are accelerated by HF-modules after being

13
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Figure 3.1.: Schematics of cyclotron and synchrotron accelerators are shown. For the
cyclotron accelerator, the electric ( ~E) and magnetic field ( ~B) are dis-
played. Invididual components of the synchrotron are labelled. Figure
inspired from Demtröder (24).

injected by a linear accelerator. The particle trajectory is determined by steer-
ing magnets, that with increasing particle energy have to be adjusted in their field
strength. Depending on the ion source and steering magnet strength synchrotrons
can accelerate any particle, making them specially suited for ion therapy with high
Z particles. Compared to cyclotrons, which produce a steady stream of particles,
synchrotrons accelerate ions in individual spills. As spills are accelerated and ex-
tracted one at a time, there is usually a pause in the order of a few seconds between
two consecutive spills (52). However, novel techniques are currently investigated
that potentially decrease spill pauses and thereby could increase the beam intensity
(122).
Schematics of cyclotron and synchrotron (that is combined with a linear injector)
accelerators are displayed in figure 3.1. The beam trajectory is visualised. For the
cyclotron, the magnetic and electric field directions are displayed.

3.1.2. Active Beam Delivery

Passive beam delivery uses scatterers or wobbling magnets to widen a finite beam in
combination with collimators as compensators to shape the ion field to the tumour
(20). These compensators and collimators had to be specifically tailored for every
patient and tumour.
Active beam delivery has been independently developed by the Paul Scherrer In-
stitut (Villingen, Switzerland) and the Gesellschaft für Schwerionenforschung (GSI)
(Darmstadt, Germany) (106; 38). Compared to passive beam delivery, active beam
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Figure 3.2.: The main features of active beam scanning are shown. Beams are de-
flected by two scanning magnets. By varying the beam energy or de-
grader insertion, different beam depths in the patient are reached.

scanning requires no material (other than degraders with cyclotrons accelerators)
upstream the patient to irradiate the tumour. Ion beams are deflected with so-called
scanning magnets by varying their magnetic field strength, exploiting the Lorentz-
force on charged particles (visualised in figure 3.2). The beam depth in the patient
is set by variation of the beam energy or insertion of degraders for synchrotron or
cyclotron facilities, respectively. To irradiate a tumour, multiple spots in the tu-
mour are targeted that together homogeneously irradiate the volume. A single spot
with a certain energy is called a Pencil Beam (PB). Compared to passive beam de-
livery, active beam scanning effectively spares healthy tissue (114). Dependent on
the tumour location, the choice of the beam delivery vector can influence the energy
deposition to normal tissue and other Region of Interests (ROIs). To that end, most
facilities nowadays employ gantries that rotate the beam line and particle beam exit
around the patient.

3.1.3. Heidelberg Ion-Beam Therapy Center

HIT is a spin-off company from the 12C treatment facility at the GSI (39). Since
facility startup in 2009, the HIT has been treating > 5000 patients with p and 12C
ions (87). The most common cancer indications at HIT that are treated with ions
are Head and Neck (H&N) tumours (1). Furthermore, 4He and 16O ions are available
for biological and physics research (132; 131; 80). HIT is one of only two centres
in the world with a light ion (Z ≥ 6) gantry for patient treatment, the other one
being in Japan (39; 54). The beam gantry adds additional degrees of freedom in the
beam delivery for light ion beam therapy that are otherwise unobtainable, resulting
in potentially improved normal tissue sparing.
At HIT, there are three treatment rooms (1x gantry and 2x horizontal) and one
experimental room (horizontal). Figure 3.3 shows an overview of the HIT facility.
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Figure 3.3.: The HIT layout with beam delivery components and treatment rooms.
The red arrow shows the beam trajectory from the source to the individ-
ual treatment rooms. Figure adapted from HIT stock images, courtesy
of HIT.

The ions are generated by a source, pass a linear accelerator before entering the
20 m (diameter) synchrotron (39). In the synchrotron, ions are accelerated up to
430 MeV/u, yielding particle depths of ∼ 30 cm in water. For treatment, 255 energies
with up to 1.5 mm range difference between them are commissioned (102). Through
a dedicated and near vacuum beam-line, the synchrotron delivers the ions to the
treatment and experimental rooms.

3.2. Dose

Dose (D [Gy]) is one of the most important quantities in radiation therapy. D is
defined as the absorbed energy from radiation Erad per mass m (49)

D[Gy] = Erad

m
. (3.2)

In SI units, Gy is equivalent to J/kg and is in particle therapy often scaled for its
biological efficiency (cf. equation 3.15). D in a thin absorber can also be expressed
with the particle fluence Φ[cm−2], their respective energy loss in keV/µm and the
mass density of the material (ρ [g/cm3]) (114)

D [Gy] = Φ · 1.6 · 10−9 · dE
dx
· 1
ρ
. (3.3)

A similar microscopic quantity to D is the specific energy (z), which is defined as
the imparted energy by ions (ε) in a mass (m) (49),

z = ε

m
. (3.4)
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3.3. Biological Dose

3.3.1. Radiation Damage

The DNA is the most sensitive part of a cell. Ions can damage cells directly with
hits to the DNA or indirectly by production of free radicals that then damage the
DNA (114). Compared to low LET radiation, the damage from direct hits to the cell
is increased for light ions with high LET (53; 114). However, indirect damage due
to free radicals causes the largest amount of cell lesions (114). The most significant
kinds of radiation damage to the DNA are: I) single strand breaks that are the
most readily repairable kind of damage, while II) a Double Strand Break (DSB) is
considerably more lethal as DNA repair is complicated (66). If multiple single strand
breaks and/or DSBs are within a small region, it is considered complex cell damage
(118). Complex cell damage can trigger multiple repair mechanisms in the cell at
once, which, when interfering with each other, reduce the chance for a successful
repair, lowering the cell’s overall survival probability (116). The track structure
of the ionising particle has a significant impact on the survival probability of a
cell, as a very localised energy deposition leads to a higher probability of complex
cell damage (114). Figure 3.4 shows the dose-track structure of photons (X-rays)
and 12C ions between 1 MeV/u and 200 MeV/u for constant dose. While X-rays
have a bath of low dose over the investigated area, the energy deposition of 12C
ions largely depends on the beam energy. 12C ions at very low energies (1 MeV/u,
corresponding to ∼ 10µm of range, c.f. figure 2.1), deposit their energy in localised
position with no dose elsewhere. Contrarily, high energy 12C ions (200 MeV/u) show
both, a bath of low dose contribution combined with a shower of high dose in small
areas. For a single ion, the lateral energy deposition track structure can for example
be described by the Kiefer–Chatterjee model that combines a constant core with a
radial decreasing energy deposition. Thereby, the core and radial component are
not continuous (16; 60).
Under the theory of dual radiation action (TDRA) (59), the mean yield of lesions

(Y (D)), i.e. mean damage to a cell, as function of dose (D) can be described with
a linear α and quadratic β term (4) by

Y (D) = αD + βD2. (3.5)

As the combination of sub-lesions from multiple doses yield more overall lesions (e.g.
two sub-lesions combining to one lesions), the expected number of lesions Y (D1, D2)
of two doses D1 and D2 is bigger than the sum of respective individual lesions. For
two doses the expected yield of lesions can be calculated by

Y (D1, D2) =
I︷ ︸︸ ︷

α1D1 + α2D2 + β1D
2
1 + β2D

2 + 2
√
β1β2D1D2︸ ︷︷ ︸

II

, (3.6)
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Figure 3.4.: Dose-track structure for photons and 12C ions of three different energies.
The delivered dose in all panels is constant. Taken from Scholz et al.
(121).
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where α1/β1 and α2/β2 are the linear/quadratic terms of D1 and D2, respectively
(4). By sub-dividing D1 and D2 further and combining the individual linear terms
(I) and quadratic terms (II), it is clear that the yield of lesions for N sub-doses can
be generalised with

Y (D1, D2) =

I︷ ︸︸ ︷
N∑
i=1

αiDi +
( N∑
i=1

√
βiDi

)2

︸ ︷︷ ︸
II

. (3.7)

The mean survival of cells after irradiation can then be described with the Linear
Quadratic (LQ) model (31). In the LQ model, the cell survival as function of dose
(S(D)) is described by

S(D) = exp(−αD − βD2), (3.8)

where D is dose, α and β are the dose-averaged linear (α) and quadratic (β) depen-
dency term, respectively. α and β can be calculated with

α =
∑N
i=0 αiDi∑N
i=0Di

,

β =
(∑N

i=0
√
βiDi∑N

i=0Di

)2

.

(3.9)

3.3.2. Relative Biological Effectiveness

For the same D, the cell survival can vary with the cell type, radiation quality (8)
and other factors such as medication (drugs) (5; 70) or oxygenation level (32). To
that end, the RBE of radiation is defined as the quotient of a reference dose (Dr)
and a comparing dose (Dc) that yields the same cell survival

RBE = Dr

Dc

∣∣∣∣∣
Survival

. (3.10)

In particle therapy, due to∼ 100 year of clinical experience with X-rays, Dr is usually
from low LET photons, and Dc refers to ions. Despite various studies that revealed
an RBE dependency with LETd, RBE of p is assumed to be 1.1 in clinical practice
world-wide (100; 99), while for light ion therapy, there are different mechanistic
and phenomenological models to describe the biological effect. A comparison of the
most used mechanistic RBE models is given elsewhere (129). From the LQ model
(equation 3.8) and equation 3.10, the RBE as a function of Dc and LQ parameters
αc, βc and αr, βr for reference and comparing cell survival, respectively, can be
determined as

RBE = 1
Dc

√
αcDc + βcD2

c

βr
+
( αr

2βr

)2
− αr

2Dcβr
. (3.11)
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Figure 3.5.: Cell survival curve of two radiation types. The concept of RBE at
different survival levels and D10 is visualised.

Figure 3.5 shows the schematic cell survival curves of two radiation types and therein
a visualisation of RBE. Moreover, the exemplary concept of D10, that corresponds
to D that yields 10% cell survival is shown. As can be seen from equation 3.11, the
RBE varies with the survival level (− ln(Sc) = αcDc + βcD

2
c ).

To estimate RBE as a function of Dc and reference LQ parameters, the quotient
of the linear and quadratic LQ parameters of reference and comparison S curves is
introduced. The linear component is defined as

RBEα = αc
αr
, (3.12)

while the ratio of the quadratic LQ terms models the survival difference of reference
and comparing for high doses and is defined as

RBEβ = βc
βr
. (3.13)

Inserting the linear (RBEα) and quadratic (RBEβ) ratio terms in equation 3.11, one
obtains

RBE = 1
Dc

√
αr RBEαDc + βr RBEβD2

c

βr
+
( αr

2βr

)2
− αr

2Dcβr
. (3.14)
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As can be seen, RBE is only dependent on (αr/βr) and the scaling factors RBEα

and RBEβ, as well as Dc. The Biologically Weighted Dose (DRBE) is obtained by
multiplying physical dose (D) with RBE

DRBE = RBE ·D. (3.15)

3.3.3. Local Effect Model

The Local Effect Model (LEM) version I is the clinically applied biophysical dose
model for 12C ion therapy at HIT (21) and was previously also employed for 12C
ion therapy at GSI (123). The principal idea of LEM version I is that dose induced
damage in a small sub-volume of a cell is independent of the radiation quality that
delivered it. Biological studies showed that LEM version I overestimated the RBE
in the entrance channel, i.e. at low LET, and underestimates RBE in the target
(58; 27; 90). In the latest LEM version (IV), the production of single strand brakes
and DSBs in the cell are determined for light ions and then correlated to X-ray
radiation to estimate RBE, improving the cell survival predictions (29). At high
doses, the cell survival curve flattens (3). The reduced RBE is taken into account
in the LEM by introduction of a dose threshold (Dt), after which a linear model is
used to calculate DRBE. For an ion beam of dose D and linear quadratic parameters
αion and βion, DRBE can be calculated by

− ln(S) =
αionD + βionD

2 D ≤ Dt

αionDt + βionD
2
t + (D −Dt)smax D > Dt

DRBE =

√
− ln(S)/βph + (αph/(2βph))2 − (αph/(2βph)) − ln(S) ≤ − ln(St)

(− ln(S) + ln(St))/smax +Dt − ln(S) > − ln(St)
(3.16)

where smax is αph + 2βphDt and − ln(St) = αphDt + βphD
2
t (75).

3.3.4. Modified Microdosimetric Kinetic Model

Japanese light ion facilities use adaptations of the Microdosimetric Kinetic Model
(MKM) as their clinically used biophysical models (46; 47). Furthermore, the mod-
ified Microdosimetric Kinetic Model (mMKM) has been selected for the first 4He
ion therapy using active scanning at HIT (63). Within the mMKM, RBEα (c.f.
equation 3.12) is

RBEα = 1 + z∗1D

(
α

β

)−1

ph
, (3.17)

where z∗1D is the saturation-corrected dose-mean specific energy of the domain de-
livered in a single event, while αph and βph are the linear and quadratic terms of the
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photon LQ dose response, respectively. In the mMKM, RBEβ is one and a cell is
assumed to contain multiple smaller sub-cellular structures called domains (46). By
approximating a cell with a cylinder of cell radius (Rn) and setting a domain radius
(rd), z∗1D can be calculated with

z∗1D =
∫Xm
0 zsat(x)z(x)2π dx∫Xm

0 z(x)2π dx
, (3.18)

where Xm is the sum of maximum ion track radius in the Kiefer–Chatterjee model
and rd (46). Both rd and Rn are free parameters that can be adjusted to tune the
mMKM to specific cell types (77). The saturation corrected specific energy (zsat) of
a particle can be calculated by

zsat = z2
0
z

(
1− exp−

(
z2

z2
0

))
, (3.19)

with the saturation coefficient z0 (46)

z0 = (Rn/rd)2√
βph(1 + (Rn/rd)2

. (3.20)

In this work, z∗1D values for different ion species and energies are calculated as
described by Magro et al. (74). Dose averaged values of z∗1D for a mixed radiation
field are calculated analogous to α (c.f. equation 3.9).

3.4. Monte Carlo Simulations

Historically, MC methods were used to approximate the integral of an function
through usage of random numbers when an analytical solution to a function was
either analytically impossible to derive or too complex to estimate, e.g. highly
multidimensional functions (14). Enrico Fermi later extended the MC method to
include particle simulations (93). Nowadays, MC simulations are considered the gold
standard in particle therapy for dose calculation (44).
There are two type of MC simulations: analog and condensed-history MC simula-
tions (17). Analog MC simulations consider every particle interaction (e.g. single
Coulomb scatterings) in a serialised fashion, making it very accurate but also com-
putational heavy, a drawback for clinical applications. Condensed history MC sim-
ulations combine multiple small interactions, such as individual Coulomb scattering
(c.f. section 2.5) or electronic energy loss (c.f. section 2.1), to a larger interaction.
For a large number of interactions (i.e. thick absorbers), this approach is similarly
accurate to analog MC simulations, but much faster (17).
There are multiple MC simulation engines that are currently used in particle therapy
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(107; 6; 25). At HIT, Fluktuierende Kaskade (Fluka), a multi-purpose condensed-
history MC simulation (30; 9) has been previously established. To improve dose cal-
culation accuracy, the HIT beam-line, as well as other facility parameters were mod-
elled in-silico in Fluka. Fluka was also used for database generation during facility
startup and is extensively benchmarked against measurements (102; 103; 131; 91).
Furthermore, the clinically applied biophysical models for 12C ion therapy, LEM and
mMKM, were also integrated in Fluka (75; 74).
Recently, there have been various projects focusing on developing fast MC simula-
tions. To the best of the authors knowledge, only one fastMC simulation for 12C ion
therapy exists (108), while all others focus on the much more available (and easier to
handle) p therapy (55; 142; 115; 79). In contrast to multi-purpose MC simulations,
these fast simulations are clinically viable, meaning their calculation time is usually
within minutes and not hours (or even days). However, the improved calculation
time is usually accompanied by a loss of generality, as these MC simulations are
specifically tailored for particle therapy only.

3.5. Treatment Planning

The goal of radiation therapy is to treat the tumour with a homogeneous dose
while completely sparing healthy tissue and Organ at Risk (OAR). As this not re-
alisable with current technology and physics, in the treatment planning process a
trade-off is made between target coverage and dose to normal (healthy) tissue, us-
ing sophisticated techniques. With Single Field Uniform Dose (SFUD) plans, every
field is optimised independently to a homogeneous target dose (52). Contrarily,
the Intensity Modulated Particle Therapy (IMPT) technique combines individually
in-homogeneous dose fields over multiple entry points to form a homogeneous tar-
get dose (73). IMPT was developed analogously to Intensity Modulated Radiation
Therapy (IMRT) using photons. Generally, by delivering dose over multiple entry
angles, the entrance dose is spread over a larger volume of healthy tissue, reducing
the dose to each point. At HIT, patients can be treated with SFUD and IMPT field
configurations, based on trade-offs between dose to more normal tissue and target
coverage.

3.5.1. The Role of Imaging in Particle Therapy

In clinical practice, despite recent efforts (81; 94), a Computer-Tomography (CT)
using X-rays is always required for treatment planning. CT scanners measure the
photon absorption coefficient (µ) and reconstruct a three-dimensional image of the
patient using multiple radiographies at different angles. As the absolute value of µ
for a material (µm) can vary with the individual CT scanners, they are normalised
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Figure 3.6.: Exemplary HU to SPRm
w conversion curve that is used for ion beam

therapy. HU of different tissue types (120) are indicated on the abscissa.

by µ of water (µw) and re-scaled by 1000 (114)

HU = 1000 · µm − µw
µw

. (3.21)

By definition, HU = 0 corresponds to pure liquid water, while for example HU ∼
−1000 and HU ∼ 1500 correspond to air/vacuum and cortical bone, respectively
(120). Even higher HU values can be found for metal implants in patients. In
particle therapy, HU do not linearly correspond to energy loss. To that end, a
conversion table that relates HU to energy loss in medium relative to water, i.e.
Stopping Power Ratio to Water (SPRm

w ) is required (119). SPRm
w is defined as

SPRm
w = (dE/ dx)m

(dE/ dx)w
≈ Rm

Rw

, (3.22)

and is approximately the ratio of Rm and Rw, the (remaining) ion ranges in material
and water, respectively. Figure 3.6 shows an exemplary HU to SPRm

w conversion
curve. SPRm

w range from 0.001 in air to around 2 for very high HU of human tissue.
The Water Equivalent Thickness (WET) along a straight path dx can then be
calculated by integrating the SPRm

w over the distance

WET =
∫

SPRm
w (x) dx. (3.23)

In a voxelised geometry, the integral in equation 3.23 can also be discretised by
calculating the intersection between rays and voxels (di) and scaling it with the
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corresponding SPRm
w (i) of the voxel i

WET =
∑
i

SPRm
w (i) · di. (3.24)

3.5.2. Dose Optimisation Algorithms

Ignoring OARs and healthy tissue, in the inverse dose-optimisation concept, the goal
is to find a beam distribution that homogeneously covers a target with dose. This
goal can be formulated by a objective (cost) function F that has to be minimised
(13)

min(F ) = min
M∑
i=1

(Di − Pi)2. (3.25)

Here Di and Pi is the current and prescribed dose in voxel i, respectively (13). ~D

can be obtained by multiplying the dose-influence-matrix (~Λ) with the PB weighting
vector ~w

~Λ · ~w = ~D. (3.26)
~Λ is a M ×N matrix containing the dose contributions of N PBs for all M voxels.
Figure 3.7 exemplary shows the individual 12C ion dose contributions that form a
SOBP. 

PB 1︷︸︸︷
d1,1

PB 2︷︸︸︷
d1,2 . . .

PB N︷ ︸︸ ︷
d1,N

d2,1 d2,2 . . . d2,N
... ... . . . ...

dM−1,1 dM−1,2 . . . dM−1,N
dM,1 dM,2 . . . dM,N

 ·


w1
w2
...

wN−1
wN

 =



D1
D2
...

DM−1
DM

 , (3.27)

Using equation 3.26, the objective function can then be written as

min(F ) = min
M∑
i=1

((~Λ · ~w)i − Pi)2. (3.28)

For target coverage, an iterative minimisation for the weight of a PB j at the k
iteration is given by Lomax et al. using a Newton gradient descent method (84)

wj,k = wj,k−1 +
(

M∑
i=1

di,j[Pi −Di,k−1]fi,j,k−1

)
/

(
M∑
i=0

d2
i,j

)
, (3.29)

where the sum is over all M voxels and fi,j,k−1 is a damping factor (72). As this
method can be applied to every PB independently, this solution is ideal for parallel
calculation methods, e.g. with Graphics Processing Units (GPUs) and enables fast
dose optimisation (84). F can be extended to also include OARs and other desired
quantities such as DRBE, RBE, or cell survival (146; 65; 10; 135).
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Figure 3.7.: Individual 12C ion BPs that form a SOBP. The optimisation target and
goal are displayed.
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3.5.3. Plan Robustness

With IMPT, ion beams can nowadays be delivered with millimetre precision to ho-
mogeneously irradiate the tumour (73). Nevertheless the treatment outcome can be
influenced by small (systematic) variations in the TPS-made physical and biological
assumptions, as well as random errors. Uncertainties in particle therapy include,
the beam range (up to 4.6 % + 1.2 mm) (98), the patient positioning i.e random
setup errors (138), changes in beam delivery, e.g. beam shape ([−15 %, 25 %] at
HIT) (133) and PB targeting, as well as substantial uncertainties to the patient
anatomy, such as organ/tumour movement. Nowadays, uncertainties for range and
position are mostly considered with extra margins in the target delineation (69) or
the treatment planning itself (19; 71). Still, the resulting treatment might not be
robust under all possible uncertainties. A plan can be considered robust when the
treatment outcome is the same, even though the assumptions that were made during
the planning process vary slightly. To that end, robust dose optimisation accounting
for uncertainties in beam delivery is becoming increasingly available in particle ther-
apy centres (138). Uncertainty scenarios can be accounted for in the cost-functions
(c.f. equation 3.25) with additional weighting factors (138). Currently, the most
common considered uncertainties in robust optimisation are systematic beam range
and patient positioning errors (138).
One way to determine a plan robustness is the so-called robustness analysis, where
different uncertainty scenarios with an already existing treatment plan are simu-
lated (130). A re-calculation of a plan is usually computational less challenging
than an optimisation. Therefore, in a robustness analysis more factors and even
the combination of different factors, e.g. changes in the beam shape or beam range
together with a positional shift (64), can be simulated potentially yielding a more
general overview of the plan robustness. Dose distribution differences to the orig-
inal plans can be investigated with Dose Volume Histograms (DVHs). DVHs are
inverse cumulative histograms of the dose distribution for volumes such as targets
and ROIs (118). DVH metrics include the minimum dose D received by X% of the
ROI volume (DX%), a common endpoint in radiation therapy.

3.6. GPU Accelerated Calculations

There are multiple vendors that produce GPUs for computational applications. In
this work, only NVIDIA (Santa Clara, CA, USA) in combination with the CUDA
C++ toolkit (NVIDIA, Santa Clara, CA, USA) were used. To interlink CUDA to
Python applications, the pycuda tool was employed (61).
GPUs are pipeline calculation systems that are based on the Single Instruction
Multiple Threads (SIMT) execution method to increase calculation throughput by
distribution of parallelizable instructions over multiple computational cores. On a
GPU, a single instruction, e.g. the addition of two variables, is executed slower than
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Figure 3.8.: CPU and GPU solutions to a pseudo code task are visualised as a func-
tion of calculation time. While the CPU solutions loops over all tasks
N times, N GPU processors execute a task at the same time.

on a comparable Central Processing Unit (CPU) (97). Nevertheless the overall com-
putation speed of GPUs is higher than on standard CPUs, as GPUs have far more
computational cores. Combined with a very fast and sufficiently large on-board
memory, GPUs can achieve high computational performance in dose-calculation
and other other suitable tasks (55; 22; 88). Figure 3.8 shows the principal difference
between CPUs and GPUs calculations in a simplified fashion. Using a single core,
CPUs have to execute the code in a serialised fashion, i.e. a subsequent loop iteration
is executed only when the current one is finished. GPUs distribute the instruction
loop over multiple computational cores. Figuratively, at the same time-point, all
cores execute the same instruction. In reality, on current GPU architectures, a sin-
gle core can only simultaneously execute a limited amount of threads, while modern
CPUs also feature multiple computational cores.
For a first hands-on CUDA with C++, good introductions to NVIDIA CUDA pro-
gramming have been published on the NVIDIA developer websitea, while a well
commented introduction to pycuda is also available elsewhereb. Furthermore, there
is also a detailed handbook for every aspect of CUDA in their latest versionc. GPU,
i.e. parallel thread programming is not intuitive and the errors are often cumbersome
to find with print functions. The usage of a CUDA debugger such as cuda-gdb (an
extension of the common C++ gdb debuggerd) is therefore highly recommended.

ahttps://developer.nvidia.com/blog/even-easier-introduction-cuda/ Accessed 11.2020
bhttps://documen.tician.de/pycuda/tutorial.html, Accessed 01.2021
chttps://docs.nvidia.com/cuda/cuda-toolkit-release-notes/index.html Accessed 11.2020
dhttps://www.gnu.org/software/gdb/ Accessed: 01.2021
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3.7. FRoG

Fast dose Recalculation on GPU (FRoG) is an analytical dose-calculation engine
that utilises GPUs for fast and robust dose calculation, as well as other computa-
tional tasks. Initially developed in-house at HIT and National Centre for Oncological
Hadrontherapy (CNAO) (Pavia, Italy) (111), FRoG is currently also employed at
the Varian (Paolo Alto, CA, United States of America) built Danish Centre for
Particle Therapy (DCPT) (Aarhus, Denmark) and currently under commissioning
at the Normandy Proton Therapy Centre (NPTC) in Caen, France (88; 18; 62). In
its current version, FRoGs employs MC simulation generated databases for lateral
beam spread parameters in water, Depth-Dose Distribution (DDD), and LETd. The
MC simulations have thereby been tuned to best reproduce facility commissioning
and experimental data. FRoG can be called with graphical user interface (GUI)
or from the command line, enabling large patient cohort as well as individual case
study analysis, respectively. An overview of the FRoG GUI and a FRoG scripting
example is provided in appendix A.
In an analytical dose calculation engine, the dose (d) in a voxel (j) with position
(x, y) and WET (z), can be calculated by

dj(xj, yj, zj) =
N∑
i=0

Φ(x̃i − xj, ỹi − yj, zj) ·Ψ(zj), (3.30)

where the sum is over all N PBs at position (xi, yi), Φ describes the dose deposition
lateral to the PB, i.e. the lateral beam shape at WET zj, and Ψ is the DDD in water
as a function of WET (45). In FRoG, the lateral beam shape of an pencil beam
in water Φ is approximated by either a Triple Gaussian (TG) or Double Gaussian
(DG) parameterisation, depending on the treatment facility and Range Shifter (RS)
employment (88; 18; 62). To account for the beam shape divergence from the nozzle
to the entry into the patient, the lateral spread in water σi is convoluted with the
initial beam shape at the entrance to the patient (σinit). Φ is therefore described
by

Φ(x, y, z) =
M∑
i=0

wi ·
1

2π(σ2
init + σ2

i (z)) exp
(
− x2 + y2

2(σ2
init + σ2

i (z))

)
. (3.31)

where M is 2 or 3 for DG or TG beam shape approximations, respectively. Moreover,
them sum of all weights wi is 1 for energy and dose conservation

M∑
i

wi = 1. (3.32)

In FRoG experimentally determined σinit are used, interpolated by the distance from
the nozzle to the patient skin. Currently, FRoG assumes a rotational invariance of
the beam shape. To resolve tissue heterogeneities in patients, an individual PB in
FRoG is divided in up to 700 sub-PBs. The individual sub-PB has a much smaller
Full Width at Half Maximum (FWHM) than the original PB and the weight of
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Figure 3.9.: The FRoG PB splitting method is visualised in one-dimension. A pencil
beam is divided in multiple sub-PB. The PB is shown on linear (left)
and logarithmic (right) scale.

every sub-PB has been chosen so that the superimposition of all sub-PB re-form the
original PB (112). Figure 3.9 shows the sub-division of a PB in one-dimensional
space. The original beam shape, as well as the individual and sum of sub-spots
are displayed on linear and logarithmic scale. Due to the high number of sub-PBs,
tissue heterogenities in patients can be accurately resolved (91; 62). In FRoG, the
overall calculation time largely depends on the number of PB (correlating with the
volume and ion type). Multiple proton RBE models (144; 86; 76) and the LEM and
MKM are currently implemented in FRoG. The required biological LQ parameters
α and β for these models are calculated for every voxel as described in equation 3.9,
where N is the number of PBs. Furthermore, RBE is calculated with equation 3.11
in a post processing step.
For raytracing, FRoG uses a modified Siddon stepping algorithm that was specif-
ically tailored for GPU usage (23). Similarly to the original Siddon raytracing
algorithm, voxel are described by the interception of parallel planes in a Cartesian
space (125). However, with the modified Siddon stepping algorithm, no merging of
relative plane intercepts is required.
By combining FRoG with an external optimiser (10), the PaRticle thErapy using
single and Combined Ion optimization StratEgies (PRECISE) platform was formed.
The PRECISE platform is capable of simultaneously optimising RBE and DRBE ho-
mogeneity in the target. In the experimental version of PRECISE, the dose optimi-
sation algorithm has been ported to GPU to increase calculation speed (Unpublished
work of Dr. Eric Heim).
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5. Discussion

5.1. FRoG: A Versatile Tool for Particle Therapy

5.1.1. In Clinical Practice

FRoG is a versatile tool for particle therapy that combines fast dose calculation
with MC-like accuracy at HIT and CNAO. After initial verification at both facili-
ties (88; 18), FRoG has been used in recent studies for biological and retrospective
clinical research (90). In this work, the FRoG dose algorithm has been extended
for cyclotron based calculations, providing third party facilities with an independent
tool to investigate LETd and variable RBE of their treatment plans (136). Inde-
pendence between primary TPS and secondary re-calculation tools can reduce the
risk of calculation errors. For instance, different approaches in beam shape mod-
elling can lead to different dose predictions in the patient. The current TPS at
HIT Syngo (Siemens, Erlangen, Germany) uses a DG beam shape approximation
(146), while FRoG uses a TG approximation (88). Therefore, if two independent
calculation methods yield the same dosimetric result, it is more probable that the
dose predictions hold true. Nevertheless, underlying delivery, range, and position
uncertainties could still influence the treatment outcome. To that end, independent
robustness analysis (as is implemented in FRoG) can be a vital clinical tool as has
been shown in publication 4.A. Additionally, FRoG implementations for calculation
methods (e.g. CT to SPRm

w conversion) and analysis metrics (e.g. DVH calculation)
provide an additional level of independence to the clinically used TPSs.
The FRoG splitting algorithm was tested in this work using a heterogeneous head
phantom, yielded good agreement to measurements. These findings are in line re-
cent studies that also showed good agreement to measurements and MC simulations
(91). Consequently, it can be assumed that FRoG’s pencil beam splitting algorithm
combined with a TG/DG (c.f. section 3.7) beam shape approximation is applicable
at most active-scanning particle therapy facilities.
Determination of RBE for p and other ions is one of the most important current chal-
lenges in particle therapy (99; 134), as it can directly impact the treatment outcome.
As every facility can employ different approaches of prescription dose, treatment
schedule, and beam angles to minimise dose and LETd in OARs, the comparability
of treatment results is additionally clouded. Using the physical and biological dose
calculation kernels that are currently implemented in FRoG, treatment facilities,
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like the DCPT, now have a fast and versatile method to independently verify and
crosscheck their treatment plans for e.g. RBE, DRBE, and LETd. With FRoG re-
calculations, plans that show high RBE variation, or are not robust can be exposed
and if necessary re-planned.
Using the dose kernel for cyclotron accelerated particle beams developed in this
work, FRoG is currently being commissioned at the Normandy Proton Therapy
Centre (NPTC) in Caen, France. So far, at NPTC, patients are treated with p only,
but plans are currently underway to also establish 12C ion therapy in Caen (105).
As FRoG’s pencil beam algorithm is universally applicable for all ion species and
now also all accelerator types, the benefits that the FRoG platform provides for p
could also directly be used for their 12C ion therapy project, providing secondary
dose calculation during facility commissioning and clinical startup.

5.1.2. The Future of FRoG

The combination of FRoG with an Mixed Radiation Field Spectra (MRFS) has
extended the use cases of FRoG even further. Besides the derivation of biological
FRoG-databases from the MRFS as introduced in this work, MRFS could also be
coupled with particle specific cross-sections, modelling the production of γ-rays or
positrons for position emission tomography. Combined with the possibility to extend
FRoG for online-dose calculation, these data could be employed for in-treatment pa-
tient verification. A similar online-dose calculation project has been carried out in
a recent work, also using a fast dose calculation engine (33).
Despite great success in homogeneous and heterogeneous conditions, FRoG’s analyt-
ical dose kernel is still limited in accuracy by its approximations, assumptions, and
databases. To accurately predict the dose in patients with a RS employment, mul-
tiple databases with different RS to skin distances had to be created. On the other
hand, multi-purpose MC codes can specifically simulate the RS as an additional
geometry in the beam path. The resulting particle scattering from the RS as well as
the beam divergence in the air-gap between RS and patient are only limited by the
physics assumptions in the MC simulations and the in-silico experiment modelling.
However, multi-purpose MC simulations are confined by their calculation time. Al-
though, recent efforts produced fast MC engines with clinically relevant time scales,
they are mostly limited to p beams (55; 142; 115; 79). Therefore, FRoG’s dose
calculation engine will also be relevant for future clinical use until fast MC are also
available for other all light ions that are currently used or are intended for clinical
usage, namely 4He, 12C, and 16O ions. Furthermore, these MC codes should yield
similar or better accuracy, flexibility, and calculation times as FRoG. When the
previously mentioned requirements are met, the analytical dose kernel should be
replaced with a MC driven algorithm.
While MC simulations using a dedicated CPU cluster take several hours to calculate
one patient, FRoG yields similar dose, LETd, and RBE predictions within minutes
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(88). At HIT, large scale retrospective patient analysis are feasible with FRoG and
currently underway to e.g. evaluate the LETd distribution with Chordoma as a
function of beam setup and tumour volume. The findings that these analyses pro-
vide could ultimately help to adjust/modify patient prescription as well as reveal
secondary treatment goals that cause increased tumour control, such as minimum
LETd (40; 82).

5.1.3. The PRECISE Platform

All plans that were investigated in publications 4.B and 4.C were created with
the PRECISE platform. The adaptation of new models and methods, e.g. 4He-
mMKM treatment plans and Multi-Ion Therapy (MIT)/Combined Ion-Beam with
Constant RBE (CICR) therapy plans could have only be realised due to FRoG’s
and PRECISE’s flexible design, i.e the simple and fast realisation of new calculation
methods. The PRECISE platform is thereby paving the way for the translation
of novel methods and treatments to clinical practice. Nevertheless, the optimiser
architecture is currently limited by the amount and quality of cost-functions that
are available. For treatment plans investigated in this work, emphasis was put on
target coverage, dose in OARs, and in the case of CICR fields RBE homogeneity.
With adapted OAR and target cost functions using a clinically viable optimisation
strategy, the resulting treatment plans should therefore be even more conformal.
Nevertheless, the PRECISE platform could also be an integral part of a patient
specific treatment planning regime, that quickly creates and compares potential
treatment plans with different ions. PRECISE could also be used for online-therapy,
where the dose is calculated with FRoG on the fly during a treatment and the dose
re-optimised with PRECISE to match dose prescriptions.

5.2. Novel Techniques in Particle Therapy

5.2.1. Helium Ion Beam Therapy with Active Scanning

Uncertainties of RBE with mMKM

RBE is one of the most elusive quantity in particle therapy. RBE varies with the
prescribed dose, X-ray dose response, i.e. tissue (or cell) type, expected cell survival
level, and calculation method. However, to exploit the ∼ 100 years of clinical
experience with X-rays, RBE is also an essential variable in particle therapy and
there are various mechanistic as well as phenomenological models that try to relate
biological effects of light ions to photons (41; 28; 46; 144; 86; 76). Since initial clinical
experience with 12C ion at GSI, LEM has been the clinically applied bio-physical dose
model for RBE prediction in Europe (36; 21; 134). With the revival of 4He ion beam
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therapy using active scanning, for the first time mMKM will be used to predict RBE
distributions at HIT. To that end, RBE uncertainties with mMKM under clinical
parameters has been investigated in publication 4.B. The importance of the X-ray
LQ parameter βph was compared for two dose levels that are under consideration
for clinical startup. Considerable differences in target dose were observed when
varying the absolute values of βph from 0.0025 Gy−2 to 0.0250 Gy−2. However, the
variations in βph were also found to be less important than changes in (α/β)ph for
mMKM in the investigated dose range. Despite that, for 12C ion beam therapy
at HIT, a LQ X-ray response of 2 Gy is usually assumed for normal and cancer
tissue. To that end, FRoG could be employed to investigate the treatment plans for
RBE uncertainties assuming different radio-sensitivities for the tumour. Treatment
plans that show high uncertainties could be flagged and potentially re-planned using
different biological assumptions or field configurations.

Remaining Challenges

Besides αph (or (α/β)ph), mMKM uses three parameters to predicted the expected
cell survival, i.e. determine the RBE. In this work, best fit values from literature
(77) were used for the cell and domain radius in publication 4.B for mMKM RBE
prediction. With a fixed (α/β)ph and cell/domain radius, the only free parameter
that can be chosen in mMKM is the quadratic photon dose response within the LQ
model, i.e. βph. Currently, for 12C ion beam therapy at HIT, a βph value of 0.05 Gy−2

is used for clinical practice. However, the final choice of βph for actively scanned 4He
ion therapy with mMKM should also be subjected to the assumptions of the LQ
model. For a typical tumour dose 2 GyRBE and 3 GyRBE per fraction, a β of 0.05 Gy−2

with an (α/β)ph = 2 Gy leads to expected cell survivals of ∼ 67 % and ∼ 47 %,
respectively. Using the lower bound of βph (0.0025 Gy−2) from publication 4.B,
the same dosage yields cell survival levels that are ∼ 96 %. Applying a previously
used Tumor Control Probability (TCP) model (135) based on Poission statistics and
assuming a tumour volume of ∼ 4 cm3 as well as a cell density of 104 /mm3, for an
βph of 0.05 Gy−2, 50 % of tumour control is achieved in between 70 to 90 GyRBE.
Similarly, using the lower bound of βph that was investigated in publication 4.B,
the same dose and fractionation yields a TCP of ∼ 0 %. Although the chosen TCP
model is a first order approximation that neglects variable radio-sensitivity and
cell density in the tumour, which increases TCP values (118), the values here are
in strong contrast to the clinically observed treatment outcome of e.g. chordoma
tumours. At GSI, five year local tumour control probabilities for chordoma were
> 70 % with a median dose of 60 GyRBE and 3 GyRBE per fractions 12C ion therapy
(137). Therefore, very low values of βph seem improbable under the LQ and the
TCP model. However, Van Leeuven et al. reviewed the βph from patient cohort
analyses of various tumour sites and found βph in the range from 0.001− 0.06 Gy−2

(139). Nevertheless, in the expected dose regime of ∼ 3 GyRBE, higher values of βph
would satisfy both, the assumptions in the LQ model and the range of previously
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found βph values. To build on previous experience at HIT, an (α/β)ph of 2 Gy could
be used for clinical startup, while afterwards tumour specific values, e.g. 2.45 Gy
for Chordoma (42) would further personalise the tumour treatment. Regardless of
the final biological assumption, the choice of βph and (α/β)ph should be thoroughly
investigated before clinical practice.

FRoG for Independent mMKM Verification

For the first commercial TPS for 4He ion beam therapy with active scanning at HIT,
a MRFS approach will be used to predict RBE. Compared to MC simulations, that
explicitly considers the biological effect of every particle, an in energy and depth
finitely spaced MRFS by definition marginalises the mixed radiation field. However,
the observed differences between full MC generated databases and MRFS derived
were clinically acceptable. Nevertheless, additional efforts should investigate the
impact of depth and energy spacing on RBE prediction accuracy. If the same dose
difference between MC simulated and MRFS derived databases could be achieved
with a coarser MRFS binning, the calculation time could be further reduced and
potentially the complete MRFS instead of databases could be transported in FRoG.
For initial clinical startup of 4He ion beam therapy, FRoG will function as an inde-
pendent dose calculation engine to the commercial RayStation TPS (RaySearch Lab-
orathories, Stockholm, Sweden). RayStation generated treatment plans are going to
be forward calculated with FRoG and interdependently verified. Additionally, model
sensitivity studies could be performed, similar to the ones presented in this work.
Through the independent verification with FRoG, I) the risk of dose-calculation er-
rors are minimised and II) physicians gain insight on important secondary metrics
such as LETd that FRoG also provides with every dose calculation. Additional to the
independent plan verification, FRoG could also be used for in-silico Quality Assur-
ance (QA) at HIT, where treatment plan consistency is verified by two independent
calculation engines rather than by experimental validation. As patient specific QA
is a time consuming part of the clinical workflow that blocks sparsely available ma-
chine capacities, in-silico instead of dosimetric QA could further increase the patient
throughput (83).

5.2.2. Multi-ion Beam Therapy

Combined Ion Beam Therapy with Constant RBE

All ions that are currently used for particle therapy have distinctive strengths and
weaknesses. 12C and higher Z ions feature high LETd distributions in the patient
that are favourable to overcome hypoxic tumour conditions (32) as well as a sharp
lateral penumbra due to reduced Coulomb scattering. Nevertheless, all light ions
with Z > 1 are also accompanied by a fragmentation tail which extends over the
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BP and potentially delivers dose to healthy tissue. p have a finite range in the
patient, making them especially suited in treatments with OARs at the distal edge
of the tumour, but undergo enhanced lateral scattering compared to high Z ions.
Furthermore, the biological effectiveness and LET of p is lowest of all light ions.
In this work CICR treatments that combine multiple ions in the same treatment
field to yield an almost homogeneous RBE and therefore physical dose distributions
were developed. The idea of MIT is not new and has been previously proposed
to homogenise or to boost LETd as well as provide a constant RBE in the target
(48; 127; 11). In this work, these studies were extended upon by creating CICR fields
with combinations of 12C ions with 4He ions and p. CICR plans were optimised for
three patient cases using the PRECISE platform and showed increased RBE and
physical dose homogeneity compared to 12C ion therapy. In the dose optimisation,
no weight was given LETd homogeneity. Nevertheless, more uniform LETd were
found in the target for CICR plans compared to 12C ion plans. Therefore, LETd
homogeneity of CICR plans is correlated to the RBE homogeneity, even though
LETd alone is not a good predictor for RBE (RBE depends on the LET spectrum of
all particles in the mixed radiation field) (37). Additionally, CICRC−p fields featured
reduced surrounding dose compared to single ion p plans and increased biological
stability under tissue uncertainties/biophysical models compared to fields with single
ions (with the exception of p fields that showed the highest biologically stable dose
distributions). For these reasons, CICR fields could be employed in clinical practice
to reduce the uncertainties in RBE that are currently intrinsic to light ion therapy
and provide a conformal treatment option.

Current Challenges

Worldwide, the application of 12C ion therapy is limited due to the increased tech-
nical complexity compared to p therapy and high facility startup cost. In 2018,
there were 12 ion beam therapy centres with a 12C ion therapy, of which two thirds
were in Japan and the remaining in Europe (134). Out of the 12 centres, only two
employ a gantry that can deliver ions other than p, limiting the degrees of freedom
for plan delivery (39; 54). Nevertheless, interest in light ion therapy with Z > 1 is
increasing (68; 78). This is essential for the progress of MIT, as a limited number
of 12C ion facilities also limits the amount of patients that could benefit from MIT.
Furthermore, a low number of patients could potentially lead to problems of statis-
tical verification of treatment outcomes with MIT.
Besides structural challenges, MIT also faces new uncertainties during delivery of
CICR treatments. In this work, the individual branches of MIT plans were deliv-
ered in sequence after another. While sufficient for fixed phantoms and treatments
of stereotactic tumours, the sequential irradiation of different ion branches is a po-
tential source of uncertainty in clinical application that adds to the overall delivery
uncertainty. Intrafractional organ or tumour movement in the patient could lead to
a distorted ion mixing, potentially yielding a reduced physical dose and therefore
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RBE homogeneity in the target. To reduce this effect, two potential strategies could
be employed:

A) multiple ion delivery in the same beam spill and

B) fast switching between ion sources.

The mixture of multiple ions in the same spill has been also theorised and inves-
tigated in previous works for treatment positioning verification (85; 141) and to
modify the RBE of ions (57), respectively. While perfectly suited for range verifi-
cation, as the range of ions is proportional to A/Z2 and for particle acceleration in
a synchrotron, ions in the same spill should have similar momentum per nucleon,
magnetic rigidity, and (A/Z) (85), there are only few possible options (e.g. t and
3He+) where ions could be delivered in the same spill and reach the same depth in the
patient. Fast switching between ion sources therefore seems like a better prospect to
decrease uncertainties from intrafractional tumour movement. Different ion species
would be delivered quickly after another on the same scanning spot positions, which
reduces time dependent delivery uncertainties. If treatment indications with large
intrafractional variations such as observable in lung tumours could be treated with
CICR fields should be closely investigated though. Besides MIT, fast ion switching
techniques could also be employed for other purposes, such as range verification in
particle therapy as proposed in a recent work (141).
As with every other particle species, CICR plans might not be applicable for all
tumour types and indications. To illustrate this fact, figure 5.1 schematically shows
three potential treatment scenarios with a fixed beam direction; a target is accom-
panied by none (case I), distally surrounding (case II), or proximal OARs (case III).
For single field configurations, case II would be more challenging for CICR treat-
ments, especially for CICR plans with p as the most distal branch, since the large
lateral scattering from p as well as the tail from higher Z ions would contribute to
normal tissue dose. The additional complexity of a RBE homogeneity in the TPS
optimisation, could lead to a trade-off between, RBE, target coverage, and normal
tissue dose, as can be seen in publication 4.C supplementary figure 1. Here novel
concepts such as ion arc therapy (26; 92) could potentially reduce the normal tissue
dose compared to single ion SFUD or IMPT plans. Contrarily to case II, case I and
III could benefit from the physical aspects of CICRC−p treatments. The proximal
OARs are spared from the highly scattering p contribution and the tail dose of higher
Z ions would not directly hit critical tissue. Additional plan comparison studies that
investigate the normal tissue dose and target conformity should be performed before
clinical practice using state of the art optimisers.

Future Directions of MIT

In a novel experiment using both a homogeneous and anthropomorphic phantom,
the biological efficacy of MIT has been experimentally verified in this work for one
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Figure 5.1.: Three potential tumour positions with no OAR (case I), distally sur-
rounding (case II), and lateral proximal (case III) are displayed. Case
I and III are better suited for CICRC−p treatments, while for II target
coverage and RBE homogeneity could be limited by normal tissue dose.
For case II, SFUD, IMPT, or ARC plans using only one particle species
might be the best solution to spare normal tissue.

cell line, yielding good agreement to predictions. Additionally, the biological sta-
bility of CICR and single ion SFUD plans has been investigated in-silico for one
patient and two biological models, showing that CICR fields can produce a simi-
lar biological stability as p. In a future effort, these in-silico predictions could be
verified with further experiments. For one cell line optimised CICR fields could
be simultaneously delivered on cell lines with different radio-sensitivities. In more
biologically robust treatment plans, the cell survival should be independent on the
tumour depth, i.e. homogeneous in the target. Furthermore, such an experiment
is in first approximation similar to the clinical experience at HIT, where tumours
are usually treated with a constant biological assumption, i.e. fixed (α/β)ph and βph.

So far only single field configurations of CICR treatments were investigated in this
work. Single field configurations are the most challenging types of field configu-
rations to create a constant RBE distribution in the target. The physical dose
distribution has to be optimised so that the different ion species homogenise the bi-
ological effect. Following the methodology of IMPT, CICR fields could be delivered
from multiple angles to spread out the dose over more tissue. The combination of
12C and 4He in a single CICR field has shown small gradients in the RBE distribu-
tions. However, opposing field IMPT configurations with 12C and 4He ions already
show an increased homogeneous physical dose distribution compared to single fields.
High LET ions from one beam are automatically mixed with low LET ions from the
other. To that end, investigations if multi-field CICR plans with only high Z par-
ticles could provide a more homogeneous RBE distribution in the target than in a
single field configuration should be performed.
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The concept of CICR treatments could be extended to also include volume indepen-
dent constant RBE (VICR), which was realised in-silico a previous work (11) using
opposing field configurations. To achieve VICR fields in a single field arrangement,
depending on the WET in beam direction, different ion species could be matched to
deliver a constant physical dose in the target. As in a single field configuration the
degrees of freedom are lower than for multiple field arrangements, the choice of ions
will play a more important role. For small WET, low Z particles such as p or 4He
ions with relatively low biological efficacy can be combined, while for large WET
high Z particles would be required to yield constant RBE. With VICR therapy, the
prescription to a tumour could be again physical dose (and potentially LETd), re-
ducing the number of uncertainties that are accompanied in RBE calculation by one
dimension.
Despite all the advantages that MIT and especially CICR could provide, as has
been shown here, further research has to be performed and technologies must be
developed for CICR treatments to reach clinical practice.





6. Summary

Three publications in international peer reviewed journals have been put forward,
detailing the development and verification of new evaluation methods and treatment
options for particle therapy to reduce uncertainties.
FRoG has been extended from a software that was specifically tailored to two syn-
chrotron based sister-facilities (CNAO and HIT) to also be employed at third party
cyclotron-facilities in publication 4.A. There, FRoG has been established as a sec-
ondary dose engine to independently recalculate patient treatments and provide
additional information, such as variable p RBE and LETd. The FRoG dose algo-
rithm was tested against measurements in a homogeneous and heterogeneous, i.e.
anthropomorphic setting, yielding excellent results. Additionally, FRoG calcula-
tions for ten patient plans that were delivered at DCPT were compared against the
clinically employed TPS. For one patient, a widely applied p RBE model was used
to calculate the variable RBE distribution, revealing the potential of state of the art
secondary dose calculation engines for clinical practice. With FRoG, daily clinical
checks on RBE and LETd as well as large scale retrospective patient analysis can be
performed in a clinical time frame (minutes/patient (88)). Further, third party fa-
cilities obtained a tool to independently very their dose predictions and gain insight
on additional clinically relevant quantities, potentially increasing patient treatment
conformity. Additionally, FRoG dose calculations could also be used instead of pa-
tient specific QA, in-silico verifying treatment plans before patient treatment.
A new method in FRoG that uses MRFS derived databases for 4He ion DRBE calcu-
lation with the mMKM was developed in publication 4.B. As a similar MRFS ap-
proach will be used in the first clinically used TPS of 4He ions with active scanning,
the dose difference was compared against the original FRoG calculation method,
yielding clinically acceptable agreements. Furthermore, to provide a reference for
the upcoming choice of βph of the clinically anticipated biophysical RBE model
(mMKM), the influence of βph on the overall biological dose distribution was in-
vestigated for two potential clinical values. Although substantial differences were
observed between both βph values, additional investigations with changes in (α/β)ph
showed greater differences, leading to the conclusion that (α/β)ph is the most im-
portant factor in mMKM for the investigated dose range and should be generally
chosen with care. With the new MRFS implementation, FRoG will be used as an
independent secondary dose calculation engine for the clinically used TPS at HIT
during the starting phase of clinical trials. By analysing RBE sensitivity and LETd
distributions for every patient, FRoG is paving the way for the successful translation
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88 Chapter 6 Summary

of a novel treatment modality to clinical practice.
The development and validation of single field MIT therapy was presented in publi-
cation 4.C. By combining multiple ion species in the same treatment field, homoge-
neous physical dose and RBE distribution can be achieved. The experimental CICR
treatment plans were delivered at the HIT and biologically and dosimetrically ver-
ified in a homogeneous and heterogeneous phantom. Additional single field CICR
treatment plans were optimised for three patients. The biological stability under
different assumptions was investigated, yielding similarly high biological stability as
p while decreasing dose to surrounding normal tissue for combinations of p and 12C
ions in the same treatment field. CICR treatments were also found to feature more
homogeneous LETd distributions than comparing 12C ion treatment plans. Novel
techniques such as CICR greatly expand the catalogue of treatment options for can-
cer patients, potentially improving patient outcome in the future.
In this work, new models, techniques and methods were presented that evaluate and
reduce the uncertainties accompanied with particle therapy. With FRoG, treatment
plans can now be independently verified for QA, while the biological uncertainty of
a newly applied biophysical model was investigated for 4He beam therapy. Further-
more, with CICR plans, a potential biologically robust multi-ion treatment option
was developed and experimentally verified.
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A. Additional Information to FRoG

Figure A.1 shows the graphical user interface in FRoG.

Figure A.1.: The FRoG graphical user interface is displayed. Figure taken from
Mein (87).
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92 Appendix A Additional Information to FRoG

In the following a commented FRoG example script is shown. The paths to files
and folders have been replaced with generic values.

1 # !/ u s r / b i n / p y t h o n
2 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
3 # N a m e : s c r i p t i n g _ F R o G _ e x a m p l e . py #
4 # S C R I P T I N G E X A M P L E F O R F R O G H I T #
5 # B e n e d i k t K o p p J a n u a r y 2 0 2 1 #
6 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
7
8 # To c a t c h a r g u m e n t v a l u e s e t c .
9 i m p o r t s y s

10
11 # To c h e c k if f i l e s e x i s t
12 # a n d to m a k e d i r e c t o r i e s
13 i m p o r t os
14
15 # A p p e n d F R o G d i r e c t o r y to t h e
16 # P y t h o n s e a r c h p a t h
17 f r o g p a t h = ’ / p a t h / to / F R O G / ’ # R e p l a c e w i t h p a t h to F R o G
18 s y s . path . i n s e r t ( 0 , f r o g p a t h )
19
20 # E x p o r t F R o G P a t h
21 os . e n v i r o n [ ’ f r o g ’ ] = f r o g p a t h
22
23 # F r o m t h e m a i n F R o G f i l e
24 # i m p o r t t h e F R O G _ c l a s s w h i c h
25 # w h i c h h a s a l l t h e F R o G f u n c t i o n s
26 # a n d d o s e c a l c u l a t i o n .
27 f r o m FROG i m p o r t FROG class
28
29 # F u n c t i o n to c r a w l t h r o u g h d i c o m s / f i l e s / f o l d e r s
30 f r o m glob i m p o r t glob
31
32 # E x a m p l e s c r i p t
33 # t h a t r u n s a s i n g l e
34 # F R o G C a l c u l a t i o n
35 d e f main SingleRun ( ) :
36 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
37 # B e g i n I n i t i a l i s a t i o n
38 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
39
40 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
41 # S a v e D i c o m s
42 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
43 savepath = ’ / d e v / n u l l ’ # S p e c i f y f o l d e r to p a t h
44
45 # C h e c k if p a t h e x i s t s
46 if n o t os . path . e x i s t s ( savepath ) :
47 t r y :
48 os . mkdir ( savepath )
49 e x c e p t :
50 p r i n t " C o u l d n o t c r e a t e f o l d e r "
51 r e t u r n −1
52
53 # I n i t i a t e an i n s t a n c e of t h e F R O G _ c l a s s
54 # N o t i c e t h e F a l s e a r g u m e n t w h i c h d i s a b l e s t h e G U I
55 FRoG = FROG class ( F a l s e )
56
57 # L o a d t h e F R o G c o n f i g u a r t i o n f o r H I T
58 FRoG. HIT Config ( True )
59
60 # L i n k t h e CT F i l e to F R o G
61 c t f i l e = ’ / h o m e / H I T / D a t a / H I T _ P a t i e n t s / C T F I L E . d c m ’ # N o t e : CT f i l e s s h o u l d be in t h e i r

o w n f o l d e r
62 FRoG. Dicom load . c t c l i c k e d m a i n ( c t f i l e , isGUI=F a l s e ) # i s G U I k e y w o r d u s e d to s u p r e s s

G r a p h i c a l I n t e r f a c e
63
64 # L i n k t h e R T P L A N F i l e to F R o G
65 p l f i l e = ’ / h o m e / H I T / D a t a / H I T _ P a t i e n t s / R T P L A N . d c m ’
66 FRoG. Dicom load . p l c l i c k e d m a i n ( p l f i l e , isGUI=F a l s e )
67
68 # L i n k t h e S t r u c t u r e S e t to F R o G
69 s t f i l e = ’ / h o m e / H I T / D a t a / H I T _ P a t i e n t s / S T R U C T . d c m ’
70 FRoG. Dicom load . s t c l i c k e d m a i n ( s t f i l e , isGUI=F a l s e )
71
72 # L i n k a R e f e r e n c e D o s e F i l e to F R o G
73 d s f i l e = ’ / h o m e / H I T / D a t a / H I T _ P a t i e n t s / D O S E . d c m ’
74 FRoG. Dicom load . d s c l i c k e d m a i n ( d s f i l e , isGUI=F a l s e )
75
76 # L o a d t h e S T R U C T , Dose , Plan , CT i n t o F R o G
77 FRoG. e x e c c l i c k e d ( )
78
79 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
80 # B e g i n D o s e C a l c u l a t i o n
81 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
82 FRoG. D o s e c a l T G c l i c k e d ( )
83
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84 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
85 # D V H C a l c u l a t i o n
86 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
87 , d v h d a t a s e t = FRoG. d v h c a l c l i c k e d ( )
88
89 # d v h _ d a t a s e t w i l l h a v e t h e f o l l o w i n g s t r u c t u r e / k e y s :
90 # ’ R O I N a m e ’ : L i s t of R O I N a m e s
91 # ’ D _ 2 % ’ : L i s t of c a l c u l a t e d D V H M e t r i c D2 %
92 # ’ D _ 5 % ’ : L i s t of c a l c u l a t e d D V H M e t r i c D5 %
93 # ’ D _ 5 0 % ’ : L i s t of c a l c u l a t e d D V H M e t r i c D 5 0 %
94 # ’ D _ 9 5 % ’ : L i s t of c a l c u l a t e d D V H M e t r i c D 9 5 %
95 # ’ D _ 9 8 % ’ : L i s t of c a l c u l a t e d D V H M e t r i c D 9 8 %
96 # ’ D o s e m a x ’ : L i s t of m a x i m u m D o s e in R O I
97 # ’ D o s e M e a n ’ : L i s t of m e a n D o s e in R O I
98 # ’ D o s e ’ : L i s t of np . a r r a y s w i t h d o s e
99 # ’ V o l u m e ’ : L i s t of np . a r r a y s w i t h c o r r e s p o n d i n g v o l u m e

100 # ’ S T D ’ : L i s t of s t a n d a r d d e v i a t i o n in t h e R O I
101 # ’ C o l o r ’ : L i s t of c o l o r c o d i n g in t h e R O I - R G B
102 # N o t e : T h e o r d e r of t h e l i s t is d e f i n e d by t h e R O I N a m e L i s t
103
104 # F u n c t i o n to s a v e t h e R T D o s e F i l e s
105 FRoG. d o s e d c m s a v e c l i c k e d ( )
106
107 os . rename ( " F i l e s " , " % s / F i l e s " % savepath )
108
109 # S i n c e we m o v e d t h e F I L E S f o l d e r to s a v e p a t h a n e w o n e is c r e a t e d
110 os . mkdir ( " F i l e s " )
111
112 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
113 # D e l e t e F R o G O b j e c t
114 #
115 # T h i s c l e a n s t h e F R o G o b j e c t
116 # a n d m a k e s s u r e t h a t t h e r e a r e no
117 # c l a s s v a l u e s l e f t
118 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # #
119 d e l FRoG
120
121 r e t u r n 0
122
123 # P y t h o n c o n v e n t i o n on s t a r t i n g t h e
124 # m a i n s c r i p t
125 if n a m e == " _ _ m a i n _ _ " :
126 main SingleRun ( )
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Mairani, A. (2020). Development and validation of single field multi-ion particle
therapy treatments. International Journal of Radiation Oncology* Biology* Physics,
106(1), 194-205.
This publication has been used for this thesis.

Mein, S., Kopp, B., Tessonnier, T., Ackermann, B., Ecker, S., Bauer, J., ... &
Debus, J. (2019). Dosimetric validation of Monte Carlo and analytical dose engines
with raster-scanning 1H, 4He, 12C, and 16O ion-beams using an anthropomorphic
phantom. Physica Medica, 64, 123-131.

Choi, K., Mein, S. B., Kopp, B., Magro, G., Molinelli, S., Ciocca, M., & Mairani,
A. (2018). FRoG—A new calculation engine for clinical investigations with proton
and carbon ion beams at CNAO. Cancers, 10(11), 395.

Mein, S., Choi, K., Kopp, B., Tessonnier, T., Bauer, J., Ferrari, A., ... & Mairani,
A. (2018). Fast robust dose calculation on GPU for high-precision 1 H, 4 He, 12 C
and 16 O ion therapy: The FRoG platform. Scientific reports, 8(1), 1-12.

95



96 Appendix B List of Publications

Selected Conference Presentations

Kopp, B., Mein, S., Choi, K., Bauer, J., Debus, J., and Mairani, A., (2019) FRoG
(Fast dose Recalculation on GPU) at the Heidelberg Ion-Beam Therapy Center,
Oral Presentation, International Conference on the Use of Computers in Radiation
Therapy (ICCR), Montreal, Canada.



Bibliography

[1] Adeberg, S., Harrabi, S. B., Verma, V., Bernhardt, D., Grau, N., Debus, J.,
and Rieken, S. Treatment of meningioma and glioma with protons and carbon
ions. Radiation oncology 12, 1 (2017), 1–7. 15

[2] Ahlen, S. P. Theoretical and experimental aspects of the energy loss of rel-
ativistic heavily ionizing particles. Reviews of Modern Physics 52, 1 (1980),
121. 10

[3] Astrahan, M. Some implications of linear-quadratic-linear radiation dose-
response with regard to hypofractionation. Medical physics 35, 9 (2008), 4161–
4172. 21

[4] Ballarini, F., Biaggi, M., Edwards, A., Ferrari, A., Ottolenghi, A., Pellic-
cioni, M., and Scannicchio, D. Estimating mixed field effects: an application
supporting the lack of a non-linear component for chromosome aberration in-
duction by neutrons. Radiation protection dosimetry 103, 1 (2003), 19–27. 17,
19

[5] Batey, M. A., Zhao, Y., Kyle, S., Richardson, C., Slade, A., Martin, N. M.,
Lau, A., Newell, D. R., and Curtin, N. J. Preclinical evaluation of a novel atm
inhibitor, ku59403, in vitro and in vivo in p53 functional and dysfunctional
models of human cancer. Molecular cancer therapeutics 12, 6 (2013), 959–967.
19

[6] Battistoni, G., Bauer, J., Boehlen, T. T., Cerutti, F., Chin, M. P., Dos San-
tos Augusto, R., Ferrari, A., Ortega, P. G., Koz lowska, W., Magro, G., et al.
The fluka code: an accurate simulation tool for particle therapy. Frontiers in
oncology 6 (2016), 116. 23

[7] Bauer, J., Sommerer, F., Mairani, A., Unholtz, D., Farook, R., Handrack,
J., Frey, K., Marcelos, T., Tessonnier, T., Ecker, S., et al. Integration and
evaluation of automated monte carlo simulations in the clinical practice of
scanned proton and carbon ion beam therapy. Physics in Medicine & Biology
59, 16 (2014), 4635. 7

[8] Belli F. Cera R. Cherubini M. Dalla Vecchia Ami Haque F. Ianzini G. Moschini
O. Sapora G. Simone Ma Tabocchini P. Tiveron, M. RBE-LET relationships
for cell inactivation and mutation induced by low energy protons in v79 cells:

97



98 Bibliography

further results at the lnl facility. International Journal of Radiation Biology
74, 4 (1998), 501–509. 19
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[24] Demtröder, W. Experimentalphysik 4. Springer Berlin Heidelberg, 2017. 13,
14

[25] Deng, W., Younkin, J. E., Souris, K., Huang, S., Augustine, K., Fatyga, M.,
Ding, X., Cohilis, M., Bues, M., Shan, J., et al. Integrating an open source
monte carlo code “mcsquare” for clinical use in intensity-modulated proton
therapy. Medical physics 47, 6 (2020), 2558–2574. 23

[26] Ding, X., Li, X., Zhang, J. M., Kabolizadeh, P., Stevens, C., and Yan, D. Spot-
scanning proton arc (sparc) therapy: the first robust and delivery-efficient
spot-scanning proton arc therapy. International Journal of Radiation Oncol-
ogy* Biology* Physics 96, 5 (2016), 1107–1116. 83
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