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"Growth for the sake of growth is the ideology
of the cancer cell.”

Edward Abbey, 1988

Introduction

The etymological origin for the term cancer is attributed to Hippocrates, 400 BC; who, observ-
ing a tumour and its tendrils of irregular blood vessels stretching out, draws the vivid parallel
to a crab: ‘karkinos’. Cancer is not a singular disease but many, and they all fundamentally
share one feature: abnormal uncontrolled growth of cells with the ability to differentiate
and spread to different locations and organs. The causes of cancer are largely unknown but
genetic mutations and several environmental factors have been identified as contributing fac-
tors. Cancer is the cause for 1 in 6 deaths and is the second-leading cause of death worldwide
after cardiovascular diseases. The number of cases is projected to grow from 14.1 million
in 2012 to 24.6 million in 2030 (American Cancer Society, 2018)[| The approach to cancer
management for a patient is decided by a multidisciplinary cancer conference comprised
of medical oncologists, surgical oncologists, radiation oncologists, radiologists and other
specialists. There are three main branches of therapeutic oncology: surgical oncology fo-
cuses on excision and treatment by surgery, medical oncology focuses on systemic treatment
with chemotherapy, targeted therapy, immunotherapy and hormonal therapy; and radiation
oncology focuses on the use of ionizing radiation to induce cytotoxic effects in cancer cells.
Radiotherapy is a fundamental tool for cancer therapy as it is applied in approximately 50%
of cancer patients for local control and palliation (Atun et al.,2015).

The history of radiotherapy is as old as the story of radiation itself. Among the first ex-
perimental treatments, Victor Despeignes (Lyon) attempted to treat a gastric tumour with
Roentgen rays in 1896, just a few months after their discovery by Wilhelm Roentgen in 1895.
(Cosset, 2016). The biological effect of radiation stems from its ability to directly or indi-
rectly cause damage to the Deoxyribonucleic Acid (DNA) of cells. Normal healthy cells can
recognise and repair most of the damage to[DNA| but cancer cells have a lower regenerative
capacity and hence result in a higher kill rate. This differential regenerative capacity, known

‘https://www.cancer.org/research/cancer-facts-statistics/global.html [accessed 29 December
2020]
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as the therapeutic window, is exploited in radiotherapy with the use of fractionation, i.e.,
delivering therapeutic dose over multiple sessions. The ultimate goal in radiotherapy is to
control the tumour with minimal damage to healthy tissue (Joiner and van der Kogel, 2009).
The delivery of radiation to the tumour can, in present day, be realized in three ways: (1) with
the aid of nuclear medicine, where radio-pharmaceuticals are used to systemically target
the tumour, (2) Brachytherapy, a generally invasive procedure where radioactive sources
are brought into close proximity of the tumour and (3) External Beam Radiotherapy (EBRT),
a non-invasive method, where highly targeted beams of radiation are projected into the
body to deliver dose. [EBRTImodalities include, most commonly, X-rays (MeV photons) and
accelerated particles like electrons, neutrons, protons and heavier ions. Therapeutic X-rays
are commonly generated with a Cobalt-60 source (1.25 MeV) or for higher energies, with a
linear accelerator (LINAC) (starting from 6 MV) which is the current state of the art. As seen
in figure|l.1, dose deposited from photons ( ) rises to an initial maximum as they enter
matter, known as the build up region, after which dose deposition exponentially decreases
along the length of its trajectory. This also implies that dose is delivered to the tumour at
the cost of some dose delivered to healthy tissue in front of and behind the tumour. More
recent technical developments in synchrotrons and cyclotrons have made it possible to use
accelerated heavy charged particles to deliver the therapeutic dose. Unlike photons, heavy
charged particles release increasing amounts of energy as they slow down, moving through
matter, the loss of energy increases until a maximum point around which the particles come
to a halt. This maximum is called a Bragg peak in honour of William Bragg who first studied
this phenomenon. Compared to protons (——), carbon ions (=) exhibit a much sharper
dose fall-off. Therefore carbon ions, compared to photons and protons, are theoretically
capable of delivering dose distributions that are much more conformal to the tumour, hence
sparing more healthy tissue from dose. Details regarding the physical interactions of photons
and charged particles are given in section [[l.1.Tand [[T.T.2] respectively.
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Figure 1.1: Normalized depth dose profiles of 6 MV photons , 133 MeV u~"! protons and 250 MeV u~! carbon ions in
water.
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The discovery of this interaction characteristics of particles resulted in an interest from the
medical community, particularly by Robert Wilson, who attempted to treat patients with
accelerated protons at nuclear research facilities, notably at the Berkley Radiation Laboratory
in 1954. This led to a surge in investment into research and development of particle therapy
centres. Currently, there are 89 active particle therapy centres around the world as of 2020
(PTCOG, 2020) ﬂ The increased complexity of accelerator technology also demands an ex-
tremely high capital investment. Even with commercially available systems that are more
economical and compact, a proton therapy facility costs 4 times as much as a photon therapy
facility. On the patient side, proton therapy cost 3 times as much as photon treatments and
therefore remains inaccessible to a large percentage of patients who would potentially benefit
from it (Peeters et al,,|2010). Carbon ion radiotherapy is a more experimental treatment
approach that requires a larger and more complex accelerator in order to produce the thera-
peutic range of energies. Commercial carbon ion accelerators are still under development.
Apart from the technical improvements in contemporary radiation delivery systems, the
knowledge of the negative side effects of radiation demanded innovation in the direction of
accurate radiation delivery. Radiation oncology is a highly technical discipline, compared to
other modalities of cancer treatment as improvements in radiotherapy have mainly resulted
from improvements in technology of imaging, treatment planning and dose delivery. Ra-
diotherapy treatment planning is a highly computerized process where it is possible to use
imaging modalities such as Computed Tomography (CT)) to generate precise three dimen-
sional models of the patient and simulate treatment. This in conjunction with evidence based
biological models can simulate the physical and biological effects of the treatment. Ideally,
the entire tumour should receive the prescribed dose and the dose to the healthy tissues and
surrounding Organs at Risk (OARS) is to be averted. In practice, however, this is not possible.
Therefore, the treatment planner in coordination with the radiation oncologist is tasked with
defining a trade-off between delivery of dose to the tumour and sparing from dose.
The infeasibility of this ideal situation arises from the anatomy of the patient and the physical
characteristics of the radiation modality used. Details of the treatment planning process are
presented in chapter
Another striking difference between charged particles and photons is in the effect they have
on biological tissue. Charged particles exhibit an increased microscopic dose deposition den-
sity resulting in a greater number of strand breaks, as compared to photons. Therefore,
charged particles are particularly useful in the case of large, conventionally radio-resistant
tumours. On the other hand, the increased localized DNA| damaging dose deposition not
only affects tumors but also transfers to healthy tissue. The biological effects of photon and
proton radiation are well understood with established radiobiological models. Carbon ions,
on the other hand, exhibit much more complex processes which are not as easily described.
Details regarding radiobiology of radiation modalities is presented in section[[I.2]

All radiation modalities have their advantages and disadvantages which must be exploited

Thttps://www.ptcog.ch/index.php/facilities-in-operation [accessed December 2020]
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and considered, respectively, in all its complexity and potential. In this body of work, the
focus is placed on photon therapy and carbon ion therapy. Carbon ions possess superior
biological dose deposition characteristics but have the drawback of the more detrimental
biological effects in healthy tissue and a high cost of operations compounded by limited
availability. Photons, on the other hand, are better at sparing healthy tissue through frac-
tionated treatments and are accessible to more patients, the downside being, inferior depth
dose characteristics. Therefore, a strategy of synergistic optimization of both modalities
must be considered where photons and carbon ions cumulatively deliver a treatment that,
hypothetically, conforms to the treatment objectives better than any individual radiation
modality. Such combined treatments may benefit a much larger population of patients than
unimodal carbon ion or photon treatments. Mixed modality treatments have been used
in the past in boost treatments and re-irradiation treatments but the prevalent approach
to combining modalities is based on the idea of a simple combination of two independent
treatment plans. The combination of these individual plans is dependant on the experience of
the treatment facility rather than a consistent mathematical and radiobiological framework.
Such joint optimization strategies have been explored for combinations of photon - electron
and proton - photon treatments within a relatively simple radiobiological model.

The aim of this thesis is to propose and explore a novel treatment planning strategy to combine
photon therapy and carbon ion therapy within a consistent mathematical - radiobiological
framework. One that takes into account the distinct physical and biological characteristics of
the individual modalities and optimizes not just the physical spatial distribution of dose but
also the temporal distribution of dose and in doing so, begin to describe the ideal combination
of photons and carbon ions in terms of a biological effect.



"Mystery creates wonder and wonder is the

basis of man’s desire to understand"

Neil Armstrong, 1930-2012

Background

Radiotherapy is a highly interdisciplinary treatment strategy that requires the joint expertise

of many specialized fields. A team of radiation oncologists, radiation therapists and medical
physicists design a personalized treatment plan which aims to deliver a set dose of radiation
to the tumour. The choice of radiation modality is made based on the cancer indication and
access to treatment modalities. The first course of action, pertinent to this work, is the process
of treatment planning. The tumour is delineated on the [CT] with possible input from soft
tissue imaging (Magnetic Resonance Imaging (MRI)) and functional imaging. The treatment
plan optimization then performs a simulation of the treatment in this discretized patient
geometry to deliver the prescribed dose. This involves modelling radiation physics of the
modality /modalities and defining the most favourable dose distribution. A brief summary
of the fundamentals of treatment planning are presented in section The plan quality is
assessed based on therapeutic gains and disadvantages in balancing the tradeoff between
dose to tumour and dose to healthy tissue using radiobiological models described in section
The most favorable plan is then delivered to the patient.
Recent developments in the field of medical physics suggest a theoretical gain in plan quality
from a synergistic optimization of mixed modality treatments. The thesis in hand investigates
the implication of the combined optimization of photon—carbon ion treatments. section [IlT.4]
presents an overview of the development of the concept and status quo presented in literature
that lays the foundation for the work presented in this thesis.
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1.1 Physics of Radiotherapy

11.1.1 Photon Therapy Physics

Electromagnetic radiation is comprised of waves of electric and magnetic field vectors per-
pendicular to each other and to the direction of propagation and can be considered to be a
stream of particles, i.e., photons, to aptly describe their interactions with matter. Photons are
characterised by their frequency v and energy E = hv, where h is the Planck constant.

In radiotherapy, photons in the therapeutic range are generated using Cobalt-60 teletherapy
machines or, the more modern, LINAC machines. Cobalt therapy machines use the Cobalt-60
radioisotope which is a high activity gamma emitter of characteristic 1.17 MeV and 1.33 MeV
gamma rays. LINACs produce photons in the MeV range by accelerating electrons against
a high density (tungsten) target. The resulting photon spectrum covers energies up to the
maximum energy of the accelerated electron impinging on the target. This section provides
an overview of photon interaction with matter and dose deposition.

Photon interactions with matter are stochastic (random) processes. For a narrow beam of
photons passing through matter, the attenuation of photons (change in number of primary
photons) is proportional to the incident number of photons and the thickness of the absorber.
For a thin slice of absorber material (z) this can be written as:

AN = uN(z)dz (IL.1)

Solving this differential describes an exponential reduction in the number of primary
photons (N,) at distance z in the absorber material and is referred to as Lambert-Beer law:

N(z) = Npe 1* (I1.2)

Here, u is the linear attenuation coefficient [em 1] which is characterized by the anatomical
make-up and the energy of the photons, y = pe.0.(Ey, Z). pe is the electron density in the
tissue and o, is the electron cross section, which can be understood as the probability of
interaction with electrons and depends on the energy of the photon (E,) and charge number
of the absorber material (Z).

Photon interactions can be described by three fundamental pathways:

1. Photoelectric effect: when a photon is absorbed by an atom and as a result one of the
orbital electrons is ejected (photoelectrons).

2. Compton Effect: a photon interacts with an atomic electron resulting in an ejected
electron and a scattered photon with reduced energy.

3. Pair production: when a photon, of energy greater than 1.02 MeV, interacts with the

nucleus of an atom resulting in an electron-positron pair.



CHAPTER Il. BACKGROUND

The linear attenuation coefficient can be expressed as the sum of the contributing interac-
tions mentioned above:

W(E,, Z) = T(Ey, Z) + 0(Ey, Z) 4 &(E,, Z) (IL.3)

where T, 0 and « are the attenuation coefficients from photoelectric effect, Compton scatter
and pair production interactions respectively, dependant on the photon energy and material
(Khan and Gibbons, 2019). Attenuation is usually reported as the mass absorption coefficient
u/p, where p is the mass density of the absorber material. As illustrated in figure for
photon energies used in imaging (30 - 150 keV), the interactions are a combination of photo-

electric effect ( ) and Compton scatter ( ). Compton scattering is the dominant type
of interaction for the therapeutic range of photon energies (1 - 15 MeV). Pair production inter-
actions ( ) are probable for energies above 1.022 MeV, but their contribution is negligible

at therapeutic energies.
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Figure I1.1: Mass attenuation coefficients of water as a function of photon energy (
Compton scatter ( ), photoelectric (
Fernandez-Varea| (2009)

) and contributions from
) and pair production ( ) interactions. Adapted from |Salvat and

When discussing radiation therapy, the primary quantity of interest is the absorbed dose,

D =dE/dm  [Gy] (IL4)
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As mentioned above, Compton scattering is the dominant interaction in the energy range
used for radiotherapy. On generation, the Compton electron and photon travel away from
the site of interaction and take with them most of the energy from the site of the interaction.
Compton electrons have a range of a few mm, and most of the absorbed dose to the medium
is delivered by these secondary electrons, therefore photons are also referred to as indirectly
ionizing radiation. As photons cross the material interface into the medium, a cascade of
secondary electrons is triggered and the number of secondary particles grows until a distance
of approximately their maximum range which depends on the energy of the incident photons.
This is seen as the rise in dose in figure [[.1|and is referred to as the build up region. The
dose rises to reach a maximum at which point the production and dissipation of secondary
electrons reaches a state of equilibrium (Khan and Gibbons, 2019; Podgorsak) 2016). After
this maximum, the deposited dose follows the Lambert-Beer law (IL.2), given as

(E, %) = ¢(E,%)Ee MEA) (IL5)

where at a point ¥, ¥(E, X) is the energy fluence of incident photons with energy E and
particle fluence ¢(X). In practice, the photons emitted by LINACs are not monoenergetic,
hence, the Total Energy Released per unit Mass (TERMA) [Gray (Gy) = Jkg '] at location ¥
by primary photons is given by

TERMA (%) = / %(E, %)y(E, %)dE (IL6)
E

For the purposes of radiotherapy treatment planning, the mass attenuation coefficient can be

estimated using imaging modalities (CT)) and the energy fluence and distribution is defined

by the treatment plan and treatment machine. The calculation of the total absorbed dose, i.e.,

from primary and secondary particles, is given in section [[1.3.3

11.1.2 Particle Therapy Physics

Clinically used heavy charged particles are generally created using multiple pass particle
acceleration techniques within cylcotrons and synchrotrons. Charged particles are incremen-
tally accelerated by an electric field and held in motion, until they are delivered, in circular
trajectory using a magnetic field. Cyclotrons and synchrotrons produce almost monoenergetic
beams, the range of beams from a sychrotron can be controlled changing the energy of the
beam from the accelerator itself. This is not possible with cyclotrons and therefore the change
in energy of the particles is commonly done by focussing the beam onto a light material with
adjustable thickness called a degrader.

Accelerated charged particles slow down as they pass through matter and deposit energy
in the material as they slow down until they come to a halt. The range of charge particles is
dictated by the initial kinetic energy and material characteristics. Unlike photons, charged
particles are a directly ionizing form of radiation. This means that most of the energy is

8
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deposited by the primary particle while traversing through matter. This absorbed dose 4
[Gy] at position X can be written as:

[ 1 dE__ . [SERDET
(@) = /E B ET) = /E 5 (IL7)

where 2 represents the linear stopping power (S(E, %)) [MeVem™'], ¢(E, ¥) represents the

particle fluence and p(X) represents the mass density of the absorber. To express the energy
loss rate independent of the mass density, the linear stopping power is often presented as the
mass stopping power (%). The mass stopping power is the cumulative effect of the various
interactions of charged particles (Newhauser and Zhang, 2015):

1. Inelastic Coulomb scattering: when the primary particle interacts with atomic electrons
and lose kinetic energy while ionizing the medium.

2. Elastic Coulomb scattering: when the primary particle interacts with the static electric
tields of nuclei in the medium resulting in a change of trajectory of the primary particle.

3. Inelastic nuclear reaction: when the primary particle interacts with the atomic nucleus
resulting in secondary protons, heavier ions, neutrons and prompt gamma rays as the
principal ejectiles.

4. Bremstrahlung: when the primary particle is deflected by the atomic nucleus result-
ing in a change of trajectory and loss of energy. This interaction emits energy as a
Bremstrahlung photon.

The mass stopping power can be expressed as the cumulations of energy loss rates from the

above interactions

S _ St Srad | Smuc (IL8)

PP p P

where % is due to inelastic interactions with the nucleus of the medium and is relevant for

low energies but has little contribution to the overall mass stopping power. % is attributed
to the emission of Bremstrahlung photons and is negligible for therapeutic particle energies.
% is attributed to the Coulombic interactions with atomic electrons (Seltzer et al., 2011).

As seen in figure [[1.2 % (protons === , carbon ions *==+-+ ) is the main contributor to the

total mass stopping power and can be described for a beam of particles with the Bethe-Bloch
formulation (Bethe, |1930; Bloch, 1933) given as:
2Z 51 ] 2m,c2y? B2 _

o
% = 47INAr§mec —z o_¢

2
il -5 (IL9)

where N, is the Avogadro’s number, 7, and m, are the radius and rest mass of an electron, Z
and A the atomic number and the atomic weight of the absorbing material, z is the ion charge
of incident particle and c the speed of light, B = v/c where v is the velocity of the incident
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Figure I1.2: Total mass stopping power (S/p) of water for protons ( ) and carbon ions ( ) along with the
individual contributions of S,;/p (protons =-----: , carbon ions ------ ) and Syuc/p (protons ===+, carbon ions ===+)
with respect to their energy. For protons in therapeutic energy range S/p coincides with S,;/p. Based on data
presented in ICRU 90 report (ICRU| [2014])

particle and ¢ = (1 — g%)~1/2. I is the mean excitation potential. Correction factors § and
C are only applicable for very high or very low particle energies. In the equation above it
is worth noting the projectile characteristics that affect the stopping power: the energy loss
is independent of the projectile mass, inversely proportional to the square of the projectile
velocity (% « 1/v?) and directly proportional to the ion charge (z). Similarly from the
point of view of the absorber material, the mass stopping power is proportional to the mass
density (the electron density to be specific) and the mean excitation potential I (Newhauser
and Zhang), 2015). The electronic mass stopping power (inelastic Coulomb interaction) also
influences the range of the projectile into the medium. Carbon ions would require higher
energy per nucleon to reach the same depth as protons due to the increased charge as seen in
figure

Coulombic interactions with atomic electrons result in a psuedo-continuous loss of energy
but as the difference in mass between primary particles and electrons is so high (protons by
a factor of ~1,800 and carbon ions by a factor of ~22,000), these interactions do not cause
great deviations in the trajectory of primary particles. However elastic interactions with the
atomic nuclei of the absorber causing a deflection of primary particles resulting in a lateral
penumbra. This scatter effect is more clearly observed in protons than carbon ions which are
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Figure 11.3: (a) Increase in range in water for protons and carbon ions with respect to energy per nucleon [MeVu~!],
(b)lateral penumbra compared for equal beam widths. Adapted from |Sanchez-Parcerisa et al | (2012))

heavier than protons by a factor of 12. Inelastic nuclear interactions on the other hand, occur
when the the projectile breaks through the Coulomb barrier of the nucleus. These interactions
are less probable but result in a reduction in the number of primary projectile. Depending on
the target nucleus, this interaction may result in the generation of fragments of the primary
particle (for carbon ions), fragments of target nuclei, neutrons and prompt gammas. In the
case of ion projectiles heavier than protons, this interaction can result in lighter ions that can
penetrate deeper into the absorber material. The dosimetric effect of this can be seen in figure
for carbon ions (=), where a dose tail is seen after the Bragg peak, also known as the
fragmentation tail.

An important physical quantity used often to describe the radiation quality or ionization
density is Linear Energy Transfer (LET) [keV um~!]. LETlis the amount of energy deposited
by the ionizing particles per unit distance traversed through a medium. Therefore charged
particles are considered as high radiation whereas photons, which are sparsely ionizing,
are considered as low [LET| radiation. [LETlis also referred to as the restricted linear electronic

stopping power given as

dL
LET, = ddixA =, — kel (11.10)

where dE, is the mean energy lost by primary charged particles to electronic interactions

while travelling a distance dx, discounting the energy carried away by secondary electrons
dEy, A that have energies greater than the threshold energy A. It is referred to as the unre-
stricted [LETI (L) if no energy cutoff is placed, and it is equal to the electronic stopping power
Ser (Seltzer et al), [2011)). The [LETI may be reported as track averaged [LET| (LET;) which is
the arithmetic mean of the fluence spectrum of LET or more commonly, dose averaged [LET]
(LET}). Biological outcomes depend on both dose and LET and the LET; takes both into
consideration as the deposited energy is weighted by the relative dose contribution of the
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energy deposition event (Guan et al., 2015). LET, at location ¥ is given as

(IL.11)

11.1.3 Techniques of modern radiotherapy

The fundamental axiom of radiotherapy is to deliver dose to the tumour and to minimize
the collateral damage to healthy cells. One of the methods to achieve this is to ensure the
physical conformality of the dose to the tumour. Technologies developed to satisfy this need
in photon therapy and particle therapy are summarized in the following sections.

11.L1.3.1 Photon therapy treatment delivery techniques

The development of Multi Leaf Collimator (MLC) systems in photon therapy has enabled
the efficient shaping of beams to closely match the shape of the tumour. This style of
treatment delivery is known as Conformal Beam Radiotherapy (CBRT). Intensity Modulated
Radiotherapy (IMRT), the next step in radiotherapy with [MLC] is the current state of the
art in photon therapy. InIMRT] the photon beam is sub-divided into beamlets where the
intensity of each beamlet is regulated pseudo-independently using optimized [MLC| settings
that model multiple beam window shapes. Each beam intentionally delivers a non-uniform
intensity to the target. The superimposition of multiple intensity-modulated beams results
in the desired dose distribution. Utilizing the additional degrees of freedom enables the
generation of dose distributions that better conform to the target volume and/or better spare
adjacent critical structures (Bortfeld, 2006; Khan and Gibbons), 2019).

11.L1.3.2 Particle therapy treatment delivery techniques

There are two prevalent strategies to dose delivery with particle accelerators: (1) Passive scat-
ter: which is the introduction of thin sheets of high-atomic-mass number materials to scatter
and spread the beam. The shaping of the beam is done using custom built compensators
that are created for each patient. (2) Pencil beam scanning: where magnets are used to scan
the beam over a spatially discretized volume that is a close approximation of the target vol-
ume/tumour. Pencil beam scanning lends itself particularly well to the concept of Intensity
Modulated Particle Therapy (IMPT). In addition to sharp physical dose characteristics of
particles and pencil beam scanning in combination with depth control, the modulation of
the beam intensity (controlled by the accelerator) results in a highly conformal dose that can
model almost any tumour shape (Charlie Ma and Lomax, 2012; Lomax et al., 2001} 2004).

12
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1.2 Radiobiology

Radiobiology facilitates the mechanistic understanding of radiation responses seen in the
body which drives clinical decisions in radiotherapy. The fundamental biological responses
result from damage to the that programs the cell to initiate cell death which in turn
triggers a retinue of other immunological responses to clear the dead cells. Although many
models of radiation damage exist in literature, this thesis will employ the lethal-potentially
lethal model to present a mechanistic description of radiation induced damage. The lethal-
potentially lethal damage model broadly divides radiation induced damage into three cate-
gories (Bedford) 1991} Curtis| 1986; Hall and Giaccia, [2006):

1. Lethal damage: irreparable and irreversible cell damage that leads to cell death.

2. Sublethal damage: damage that can be repaired under normal circumstances within the
time span of a couple of hours.

3. Potentially lethal damage: the component of radiation damage that can be modified by
tumour micro-environment factors post irradiation.

The endpoint of tumour control, or lack of control, depends on a multitude of biological
factors like the tumour micro-environment, tumour repopulation, immunological response,
etc. (Joiner and van der Kogel, 2009).

The processes inducing biological damage occur at different time scales. The physical in-
teractions initiate local effects where the incident particle interacts and ionizes atoms of the
tissue occur in the range of 10~ !* seconds. These interactions have been described in section
The chemical reactions of the ionization products with molecules of the tissue occur in
the chemical phase which is in the time scale of 10~!2 to a few seconds. Physical interaction
products chemically react to produce active free radicals that have the potential to produce
damage by attaching themselves to molecules. The biological phase corresponds to all
effects seen following the chemical phase. These range from enzymatic response at the irradi-
ation site within a few seconds to fibrosis which might present itself years after irradiation.
The primary cause of these biological effects is radiation induced cell death. The quantifica-
tion of cell kill is done with the irradiation of clonogenic assays. Here colonies of cells grown
in cell culture mediums are irradiated with varying doses and fractionation schemes to study
the relation between cell kill, dose and fractionation. As shown in figure single fraction
curves (====, ====), on a log scale are quadratic in nature and are referred to as 'shouldered’
dose response curves.
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Figure 11.4: Cell survival curves for two assays of cells different radiosensitivities (a/f = 0.5/0.05 Gy and

a/B =0.1/0.05 Gy) when (1) dose is given in a single fraction («/p = 0.5/0.05 Gy (===+) and «/f = 0.1/0.05
Gy (===+)) and (2) dose is delivered in fractions of 5Gy («/p = 0.5/0.05 Gy (=) and a/B = 0.1/0.05 Gy
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11.2.1 Linear Quadratic model

The[LQImodel is a fit of a simple mathematical function to cell survival curves. The surviving
fraction (SF) of cells for an n fraction irradiation experiment is given as

SF = ¢ n(xd+pd?) (I1.12)

where d is the dose delivered in each fraction, « [Gy '] and B [Gy 2] are model fitting
parameters, describing the radiosensitivity of the cell. After its formulation, many mechanistic
models were suggested to ascribe meaning to the parameters of the model. Sinclair
described the process as 'to fit a mathematical expression to the shape of the curve and see if the
result can be interpreted in terms of a model” (Sinclair|, 1966)). In the context of the theory of
lethal-potentially lethal damage, the initial region is dominated by the linear « term which is
associated with lethal damage to the cell. As the dose is increased, the increasing curvature is
related to the B term, which could be explained by an accumulation of potentially lethal and
sublethal damages that turn in lethal damages. The general curvature of the survival curve
is defined by the "a/ B ratio" [Gy]. If cells are allowed to repair, the effect of the shouldered
response curve is particularly significant as shown in figure Typically, healthy cells
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(====) have higher repair capacity, or lower overall radiosensitivity, compared to cancerous
cells (----). It is argued that prostate cancer is an example of an exception to this rule (van
Leeuwen et al., 2018).

Fractionation of the dose is delivery of dose in sessions allowing the sublethal and potentially
lethal damage to be repaired by the cell. Ignoring the effects of repair and repopulation,
this accumulated fractional effects are seen as the bumpy curve shown in figure This
results in a certain "linearization" of the cell survival curve that broadens the difference
between the survival fraction of cells with low radiosensitivity or late responding tissues
(—) and high radiosensitivity or early responding tissues (——). As cancer is the disease
of uncontrolled proliferation of cells, it was assumed to have a high «/p ratio in the order
of 10 Gy, comparable to early responding tissue. Therefore the fractionated doses would
preferentially spare slowly dividing healthy cells. This allows for a safe escalation of doses to
the tumour with acceptable normal tissues toxicity (Joiner and van der Kogel, 2009; McMahon,
2019).

Apart from the intrinsic radiosensitivity of different types of cells the LQmodel parameters
also depend on the radiation quality, as shown in figure The variation with radiation
quality depends on the density of damage to the cell, i.e., the [LETl Carbon ions and protons
are considerably more effective than photons and this can be inferred from the steeper
survival curves. It can also be observed that carbon ions, at the Bragg peak, show almost no
gain from fractionation. Further details for the biological model for carbon ions are presented
in sec

1.2.1.1 Translating in vitro to in vivo

There has been a persisent debate regarding the applicability of the LQ]model derived from
in vitro data to complex in vivo situations. The primary argument being the effect of difference
in tumour microenvironments from the petri dish to the patient. This debate was colourfully
described by the exchange between Dr. F.G. Spear and Dr. D. Gould in 1957 (Hall and Giaccia,
2006). Dr. Spear voices the skeptics with the statement: "An isolated cell in vitro does not
necessarily behave as it would have done, if left in vivo in normal association with cells of other types.
Its reactions to various stimuli, including radiations, however interesting and important in themselves,
may indeed be no more typical of its behaviour in the parent tissue than Robinson Crusoe on his desert
island was representative of social life in York in the mid-seventeenth century’ .

The apt reply from Dr. Gould being: 'the in vitro culture technique measured the reproductive
integrity of cells, and that there was no reason to suppose that Robinson Crusoe’s reproductive integrity
was any different on his desert island from what it would have been had he remained in York; all
that Robinson Crusoe lacked was the opportunity! The opportunity to reproduce to the limit of their
capability is afforded to cells cultured in vitro when they find themselves in the petri dish, with
temperature and humidity controlled, and with an abundant supply of nutrients.”

Therefore it can be argued that the LQ model presents an over estimation of the tumour
cells’ repopulation capacity but, the questions of the effect of tumour microenvironment on
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Figure I1.5: Single fraction survival curves for photons ( ), protons (====) and carbon ions at the Bragg peak
(===+); fractionated survival curves for photons ( ), protons ( ) and a 255 MeVu~! carbon ion beam at the

Bragg peak ( ) for tissue with constant intrinsic radiosensitivity (a/B = 0.5/0.05 Gy)

overall outcome of treatments remain a subject for research. The[LQJmodel however, presents
a simple model to explain the different responses from different tissues and the impact of
fractionation. This model assumes that the clinical endpoints of tumour control or normal
tissue response are driven by the death of a percentage of the cell population, which is related
to surviving fraction of target cells (Douglas and Fowler), 1976).

There is evidence in literature that the model does not describe all cellular responses.
Some cells express a low-dose hyper sensitivity (< 0.5 Gy) after which the cell survival follows
the[LQ response (Joiner et al., 2001). It was also reported that the response at higher doses is
linear, suggesting a linear-quadratic-linear response curve (Astrahan, 2008; Kirkpatrick et al.,
2008).
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11.2.1.2 Clinical application of the [LQ] model

The assumed clinical effect depends on the surviving fraction of cells, which is the ratio
between the number of surviving cells and the initial number of cells. This can be described
by a term known as the biological effect ¢ which is the negative logarithm of the surviving
fraction SF. The biological effect to n fractions of dose d is given as

e = —In(SF) = n(ad + Bd*) (IL.13)

where the total dose delivered is D = nd. Such a formulation also allows for the comparison
of doses from different isoeffective fractionation schedules. As 2 Gy per fraction treatments
are most prevalent in radiotherapy, treatments are commonly compared on the equivalence
to dose in 2 Gy fractions, Equivalent Dose (EQD)2. For an arbitrary treatment schedule of
dose d in n fractions the is given as

B d+ua/p
EQD2 = nd (2 - “/ﬁ) (IL.14)

Biologically Effective Dose (BED) is another concept used to compare treatment schedules
without a specific reference treatment schedule. It can be interpreted as the isoeffective total
dose needed as the fraction dose tends to zero (Barendsen, 1982 Fowler, (1989, 2010). It is
closely related to the effect € and is given as

€ d
BED=-=D(1+— I1.15

2 (+5) —
It is particularly important to note that biological effect € and its subsequent forms[EQDR and
BED| are additive. For treatments delivered in multiple fractions the individual biological
effects can be summated to give the total biological effect (Jones et al., 2001).

1.2.1.3 Extensions of the[LQ model

The issue of application of in vitro cell survival studies to patients is a very complex one
riddled with several confounding factors apart from the expected cell kill. The success
or failure of the treatment may be steered by an interplay of various intrinsic biological
processes modulated by the tumour microenvironment commonly referred to as the 4 R’s
of radiobiology. Namely, repair of damage, redistribution of cells in the cell cycle,
repopulation and reoxygenation (Hall and Giaccia, 2006; Joiner and van der Kogel, 2009).
Some of these factors can be accounted for with modifications and extensions to the
model, particularly in the context of repair and reoxygenation. However the clinical use of
such models is quite uncommon due to the scarcity of data required to estimate clinically
relevant model parameters. The effect of reoxygenation is one of the more clinically applied
concepts.
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The availability of oxygen plays a key role in the radiosensitivity of the tumour. Hypoxic
cells exhibit a lower radiosensitivity than normoxic cells and this effective dose modifying
factor is known as the Oxygen Enhancement Ratio (OER)) given by

OER = —dhy’”"“f (IL.16)
normoxic

OER is the ratio between isoeffective dose to cells in hypoxic conditions djoxic to dose in
reference oxic conditions d,;yy0xic. The mechanism behind this is described by the oxygen-
fixation hypothesis which suggests that the presence of oxygen results in stable reaction
products in the chemical interactions of free radicals with[DNA| thereby "fixing" the damage
(Joiner and van der Kogel, 2009). Therefore the influence of is minimal for particle
therapy as compared to photons where free radical interactions are the main source of
lesions. The reoxygenation effect is primarily modulated by the vasculature around the

tumour.

11.2.2 Relative Biological Effectiveness (RBE)

Higher [LET] radiation such as protons and carbon ions have a different microscopic dose
distribution compared to photons and hence produce the same biological effect at lower doses.
As most knowledge regarding protocols and dose prescription in radiotherapy comes from
photon treatments there is a need to equate the two. The Relative Biological Effectiveness
(RBE) enables the conversion of heavy ion dose into an isoeffective photon dose. The [RBE]is
defined as the ratio between isoeffective dose from photons (D pt0ns) and high [LET] particles
(D particles) and is given as

RBE = Dphotons (IL17)
Dpurticles '

[RBElis an empirically derived quantity that depends on a multitude of factors such as choice
of reference irradiation, which is usually Cobalt-60 gamma rays and on the biological aspects
of the cell type being irradiated and the assumed end point for the irradiation experiment
(Karger and Peschke, [2018; Kratt, 2000; Schlegel et al., 2008). It also depends on the physical
aspects of the irradiation, such as dose and dose rate, type of particle, radiation quality and
whether it is acute or fractionated exposure.

The isoeffective photon dose, i.e.,[RBElweighted dose (RBE x d) for particles can be estimated
by equating the biological effect (equation ) of particles € particles 1O @ photon effect,
which gives

Koy \/ Koy 2 Eparticles
RBE X dygyticies = — =1L + (—) + (IL.18)
particles 2‘37 2‘37 ‘Br)/

where ., B, represent the intrinsic[LQ|model parameters for photons. The [RBE increases
with [CETlup to about 100 keVum ! after which the RBE decreases due to the overkill effect,
as shown in figure The overkill effect is reduction of cell kill efficiency as single particle
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interactions deposit much more energy than what is required to kill a cell. In the case of
protons there is an expected increase in [RBE at the end of range of the beam estimated to
be between 1.2 - 1.4. However, as this increase is seen for a very small fraction of range
of protons (McNamara et al/ [2020), the clinically used [RBE] for protons is often assumed
to be a constant 1.1 (Paganetti et al., 2002). On the other hand, RBEl for carbon ions varies
substantially over its entire trajectory. The modelling of RBE for carbon ions is described in
the following section.

—SF=0.8
A —SF=0.1 i

6 Overkill

RBE
B
T

Less Efficient Cell Kill

0 | [ | | [ | | [ | | | |
101 109 101 102 108

LET [keV um™]

Figure 11.6: RBEULET] relationship and the overkill effect for kidney cells at SF level of 0.8 and 0.1. Adapted from
Barendsen| (1968)); | Joiner and van der Kogel| (2009))
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11.2.3 Modelling biological effects of Carbon ions

When talking of modelling the biological effect of clinical carbon ion therapy, there are two
main schools of thought:

1. Microdosimetric Kinetic Model (MKM) : It is the Japanese microdosimetric approach to
modelling the biological effects of carbon ions in tissue. The surviving fraction of cells
is predicted from the "specific energy" deposited in critical subcellular structures called
domains. For further details the reader is referred to (Inaniwa et al.,2010; Karger and
Peschkel, 2018)).

2. Local Effect Model (LEM): It is the approach used by the European carbon ion therapy
centres. In this model, the biological target (cell nucleus) is divided into smaller subvol-
umes, where energy deposition from an incident particle is assumed to incite a local
biological response comparable to that of a photon dose of the same magnitude (Karger
and Peschke, 2018; Kraft, 2000; Scholz and Kraft, 1996).

This section will provide a brief overview of the fundamentals of [LEMI

[LEM|was developed at Gesellschaft fiir Schwerionenforschung mbH (GSI) to calculate cell
survival after heavy ion irradiation based on the understanding of cell survival effects for
photon irradiations. The microscopic dose distribution of carbon ions is very different from
that of photons as the energy deposition of heavy charged particles is peaked around the
particle trajectory. To account for this, LEMluses the concept of local dose, i.e., the expectation
value of the energy deposition at a spatial location for a given set of particle trajectories, as
illustrated in figure[[L.7,

Local Dose [Gy]

Local Dose [Gy]

Carbon ions

Carbon ions, local

Figure 11.7: Conceptual representation of microscopic dose deposition in cell nucleus and the concept of local dose.
Adapted from |Friedrich et al.| (2011

To calculate the local effect, LEMI makes two fundamental assumptions: firstly, it assumes
that the cell nucleus is the sensitive target that, when hit, results in cell kill and secondly,
equal local doses should lead to equal local biological effects. This is extended to global effect
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by first averaging local effects over the cell nucleus and secondly averaging over multiple
cells. The functional modules required for[LEM|are (Karger and Peschke, 2018} |Scholz and
Kraft,[1996) :

1. Cell survival data for photons: As the local dose close to ion trajectories may be in order
of 1000 Gy, the cell survival curve is described by an extended form of the[LQmodel
where the shouldered curve is assumed to be purely exponential for doses greater than
a threshold dose, d;. The curve is described by the photon «.,, ., parameters which are
tissue specific, and the biological effect is given as

tyd + Byd? d < dy
—In(SF) = ¢ ayd; + Bod? + Spax(d — dy)  d > dy (I1.19)

where :  Syax = Ky + 2P d;
2. The radial dose distribution around the particle track is assumed based on the range of
the most energetic - electrons produced by the primary charged particle.
3. The size of the target structure, i.e., cell nucleus, is specified.

4. The particle track distribution over the target structure is estimated using a Monte Carlo
simulation. The dose distribution from fragments of incident carbon ion interactions is
also modelled and adds on to the local dose.

5. The linking of photon effects to carbon ion effects. For photons, the probability of the
target structure survival depends on the distribution and number of lethal events N,
which is modelled using Poisson statistics

SF,(d) = e N+(@) (I1.20)

N,(d) = —InSF,(d) = a,d + Bd> (IL.21)

As the target substructures are uniformly distributed over the cell nucleus V, the overall
photons lethal event density v, (d) can be given as

v, (d) = % = _Z”STW (11.22)

Similarly the local lethal event density resulting from ion dose at an arbitrary point
vion(d(x,y,2)) is integrated over the entire target structure to obtain the average number
of lethal events Nj,,

Nion :/x/y/vion(d(x,y,z))dxdydz (I1.23)

z
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As mentioned above, LEM| assumes that equal local doses result in equal biological
effects, therefore equating v, and v,,, gives

—InSF., (d ,
Nijon = —In SE;y,(d) = /x/y/z & V(V(x'y 2)) dx dy dz (I1.24)

The a;,,, parameter is estimated using the initial slope of the charged particle survival curve,
a 'low-dose” approximation. The B;,, parameter is calculated by a proportional scaling of the
intrinsic[LEMI B, obtained from s,y in equation . Detailed description of estimation of
&jon and Bjo, can be found in Kramer and Scholz| (2006); Scholz et al.| (1997); Wieser| (2020).
Over the years, [LEM|has gone through a few iterations of updates. As mentioned above the
[LEMII (first version) assumed equal local doses produce equal local effects. This version of
the model reported deviations in the order of 10 % to 20 % for therapy relevant conditions
(Griin et al., 2012). The LEMIII improved on the estimation of yield of double strand breaks
from the induction of single strand breaks in close proximity to the particle trajectory. It also
considered indirect effects from free radical diffusion (Elsdsser and Scholz, 2007). I
boasted of a more detailed track structure (Elsasser et al., 2008). The current most updated
version, LEM/IV makes a fundamental change, stating that: the biological response is directly
linked to the initial spatial distribution of[DNAldamage rather than the dose distribution itself,
i.e., similar patterns of double strand breaks lead to similar biological effects. It introduces an
intermediate step of estimating double strand breaks and clusters of lesions in[DNA| that are
homogeneously distributed over the cell nucleus, using Monte Carlo simulations.
Compared to[LEM/I (——, ----),[LEMIIV ( =, ----) predicts a lower magnitude of the
effective carbon a¢ and a higher effective B¢ value, as shown in figure

This results in a lower RBE prediction, calculated by equation (II.18), in the intermediate
[LETIregion (Friedrich et al., 2012). Figure [[1.9|shows a comparison of predicted depen-
dence on[LETIbetween [LEMII, [LEMIIV and cell survival data (Furusawa et al., 2000) for heavy
ions (Friedrich et al, [2012). IV, compared to[LEMI], is able to better predict the in vitro
[RBEl for carbon ions.
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Figure 11.8: Carbon a and  prediction by LEM | and LEM IV for photon a/f of 0.1/0.05 Gy and 0.5/0.05 Gy for a

carbon ion beam of 328 MeVu~!
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Figure 11.9: Comparison of predicted RBE from LEM | and LEM IV models against experimental data for carbon ion
irradiation from (Furusawa et al., |2000)). Figure adapted from (Friedrich et al., |2011)
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1.3 Treatment Planning

Treatment Planning System

Imaging + I Treatment Dose

. . Optimization i
Volume Definition | Modelling Calculation P | Plan Evaluation

Figure 11.10: Treatment planning workflow with particular emphasis one the tasks carried out within the treatment
planning system (=—).

Figure[ll.10|describes elements of a treatment planning workflow emphasizing the treatment
planning system and its components. A summary of each component of the workflow is
presented in the following sections.

11.3.1 Imaging and volume definition

The first step in any treatment planning workflow is to obtain imaging data used for planning.
[CTlis the primary imaging modality used and it serves two purposes. First, the planning
in combination with diagnostic imaging (diagnostic [CT), MRI and Positron Emission
Tomography (PET)) is used by the oncologist to identify anatomical regions of interest in the
patient (Burnet et al., 2004; ICRU), 2010):

1. The extent and position of the palpable or imaged tumour is known as the Gross
Tumour Volume (GTV)).

2. The Clinical Target Volume (CTV)) contains the [GTV|plus a margin to account for sub-
clinical disease spread that cannot be visualized in imaging. This is primary volume to
be irradiated to achieve a cure.

3. The Planning Target Volume (PTV) is a margin around the [CTV] that accounts for

uncertainties in treatment planning and delivery.

4. are the critical structures in and around the target volumes that must be spared
of dose.

These delineations serve as a map of the tumour to be irradiated, of adjacent/OARSs|to be
spared of dose and a map of the uncertainty associated with the treatment. A series of such
images taken over the course of the treatment and to monitor and adapt the treatment to
physical and physiological changes in the patient. Secondly, thelCTlalso provides material
characteristics of the tissue which is described in the next section
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11.3.2 Treatment Modelling

In order to simulate a treatment within the Treatment Planning System (TPS), a physical
model of the patient and the treatment must be created. Physical characteristics of the tissue
are modelled using a[CIlwhere the attenuation of photons is measured with a dimensionless
quantity known as Hounsfield Units (HU). The act as a surrogate for the linear attenua-
tion coefficient. However it must be noted that the linear attenuation coefficient for photons
in the keV range is not equal to that of photons in the MeV range. The also provides an
estimate of the electron density of the tissue. In the context of photon therapy, the electron
density is an essential part of dose calculation as most of the dose deposited by photons
in the tissue is deposited by secondary electrons which in turn depends on the electron
density. However itself does not directly describe the electron density, the conversion to
electron density is achieved using an experimentally derived calibration curve known as the
Hounsfield lookup table (HLUT). In the context of particle therapy, the [HUlis used to estimate
the Stopping Power relative to Water (tSP) using a experimentally derived machine-specific
look up table (Moyers et al., 2010; Newhauser and Zhang) 2015). The integral of the
is a quantity know as the Water Equivalent Path Length (WEPL). For a particle travelling
through tissue, it is a measure of the equivalent distance travelled by the particle in water
(Ma and Wang), 2013). WEPLlis essential in dose calculation for particle therapy to estimate
the residual energy of the particle and hence deduce the spot position.

The electron density / information is stored as a discretized three-dimensional cube,
where each sub unit, a voxel, defines a point in space. The center of mass of the tumour is
usually defined as the isocenter. In the treatment machine, the patient, particularly for deeper
tumours, is positioned such that the axis of rotation of the treatment head passes through the
isocenter.

The treatment delivery planning process itself begins with the identification of ideal beam

Figure 11.11: A schematic visualization of the ray and bixel concept. ( ) is the point source of radiation,
represents the surface of the patient, ( ) represents the contour of the target volume and ( ® ) represents the
spot (Bragg peak) placement for particle therapies. Accessed from https://github.com/e0404/matRad/wiki/
Dose-influence-matrix-calculation

angles that avoid Figure [[I.11]is a schematic of a point source of irradiation ( )
delivering a single beam to the target volume (=) after entering the patient surface ( )-

Here the dashed lines (= ===) represents the edges of the photon pencil beam and the black
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dots ( ® on =) represent the spot (Bragg peak) placement for particle therapies. As
mentioned in particle therapy has three degrees of freedom with regards to spot
placement: (1) control of range of beam by regulating the energy of the beam and (2) lateral
deflection and positioning of the beam in a plane perpendicular to the beam direction, also
known as an energy layer. In this thesis, the term bixel will be used to describe the individual
pencil beams for photon therapy and particle therapy (bixels or spots). Once the beam and
patient geometry is formalized, the dose calculation and optimization processes are possible.

[1.3.3 Dose Calculation

The dose calculation engine of the treatment planning system is the algorithm used to estimate
the absorbed dose in the patient. They can be classified into three main categories:

1. Grid Based Boltzmann equations Solvers (GBBS): The linear Boltzmann transport
equation (LBTE) describes the macroscopic behaviour of ionizing particles as they pass
through and interact with matter. GBBS is an analytical method that directly solves the
Boltzmann transport equation through descretized space, angle and energy (Vassiliev
et al., 2010).

2. Monte Carlo methods: The stochastic approach to solving the LBTE, where the paths
and individual interactions of packets of particles are simulated to calculate the ab-
sorbed dose. Monte Carlo engines are considered as the gold standard in dose calcula-
tion. However, they are computationally intensive, time consuming methods.

3. Convolution Based Methods: dose is calculated based on precalculated models of
absorption of dose in water that act as impulse response kernels to beam intensities.

For the thesis in hand, the focus will be on convolution based dose calculation, i.e., the
pencil beam algorithm. Pencil beam dose calculation algorithms are two step processes
where, first, the energy deposited by the primary particles is calculated. Then, the energy
transported by secondary particles is calculated using dose kernels.

In photons, the energy deposited by the pri-
mary particles is given by the TERMA as pre-
sented in equation ([I.6). The dose deposited
by secondary particles is modelled using a

Photons

point spread kernel as shown in the figure.

The photon energy deposition kernels can
be generated using Monte Carlo simulations
(MacKie et al,[1988). The TERMA and the :[lf:arj II(Ier1n2e| Graphical representation of a photon point
dose kernel are combined using a convolu-

tion superposition operation to calculate the absorbed dose (Ahnesjo and Aspradakis| 1999;
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Bortfeld et al.,[1993). The absorbed dose d at point (x, y, z) from interaction points (x/,y/,z’)
is given as

d(x,y,z) :/E/Z/ /y/ x,TERMA(x’,y’,z’,E)kpsp(x—x’,y—y’,z—z’,E)dx’dy’dz’dE (I1.25)

where kpsp(x — x',y — y/,z — 2/, E) is the translation invariant point spread kernel. Com-
pared to Monte carlo methods and GBBS methods, the convolution dose calculation reduces
the dose calculation time down to a few seconds.

In the case of heavy ion therapy, the integral dose ID from primary particles and the width
of beam as a function of water equivalent path length (WEPL)) are tabulated from Monte
Carlo simulations and measurements into a look up table. The dose at a point d(x,y, z) by a
pencil beam along the z-axis positioned at (x, o) is assumed to be the product of a depth
component ID and two lateral gaussian scatter components (Schaffner et al.,|1999) given by

d(x,y,z) = NpID(zwepr) 27T;x(7y <e—(xo—X)2/2tf,%> (e—(yo—y)z/zcrﬁ) (11.26)

where N, is the number of primary particles at the beam spot, zygpy, is the WEPT] along
the z-axis and oy, 0y are the standard deviations of the Gaussians in x and y direction that
include contributions of the overall beam divergence and Coulomb scatter in the patient.
This model however does not fully represent the wider low dose bath from strongly scattered
particles. Therefore, a superposition of two weighted normal distributions is used for each
lateral direction (Parodi et al., 2013).

11.3.4 Treatment Plan Optimization

Optimization or "inverse planning" is one of the cornerstones of treatment planning for
radiotherapy. The dose prescribed to a patient is decided by the radiation oncologist based
on knowledge and experience of Tumour Control Probability (TCP) and Normal Tissue
Complication Probability (NTCP). The aim of treatment plan optimization is to identify a set
of parameters, beam angles and pencil beam intensities, that results in a fluence distribution
that would best realize these clinical objectives. In modern radiotherapy with intensity
modulated treatment modalities, optimization for beam intensities is a highly dimensional
problem with the number of variables being in the range of thousands. The characterisation
of optimality of the treatment plan is based on a scoring function, also known as the objective
function and the optimal solution is derived by minimizing this objective function. Naturally,
the obvious choice for framing this objective function would be in the context of [TCPland
INTCPl However, due to the lack of validated and accepted models of tumour response, the
optimization problem is conventionally phrased in the context of dose and dose volume
criteria.
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11.3.4.1 Physical dose based optimization

Within the treatment plan optimization process, the dose is required to be recalculated for
each iteration. Therefore, to save on time and computation, the dose contribution to each
voxel in the patient from each pencil beam (photon or heavy ion) for fixed beam geometry is
precalculated and stored in a dose influence matrix. The elements of the dose influence matrix,
D;j, represents the dose to voxel i from pencil beam (bixel) j with unit intensity. Absorbed
dose d; is calculated by accumulating dose contributions from all intensity weighted w;
elementary pencil beams. Individual treatment goals are formulated as a set of objective
functions f,;. The inverse planning process estimates a set of pencil beam weights w that
result in a dose distribution that minimizes the overall objective function F

minimize F(d) = Y pm fu(d)

subject to ¢k < ci(d) < cf Vk
) (I1.27)
di = ZDU ZU] Vi
j

The objective function F(d) is the sum of the individual objectives f,,(d) weighted by an
importance or penalty factor py,. cfc, c are the lower and upper bounds for constraint c(d).
The optimization is subject to a positivity constraint on pencil beam weights w. The individual
objective functions are usually defined separately for each of the Volumes of Interest (VOIS),
i.e., target structures and Common types of objective functions applied in radiotherapy
are given in table (Oeltke and Bortfeld, 2001; Wieser et al., 2017;|Wu and Mohan, 2000).
Assuming the treatment plan objective function to be a combination of these objectives, the
desired dose distribution is found by solving a convex non-linear objective function (Llacer
et al.,2003). Typically a large-scale quasi Newton method is used to compute the optimal
solution using explicit gradient computations and Hessian approximations. The gradient is
given by ] F o
F F
Vel = 9w T ad w
The most common method to ensure that clinical prescribed dose is achieved in the target

(I1.28)

volume is by treating it as a reference dose d,.r and penalizing any deviation in dose in
the voxel d;, given by the squared deviation objective (dg; geviation)- This objective drives the
optimizer to achieve a uniform dose distribution in the volume S. The squared deviation
objective can be split into the squared underdosage objective (fs; underdosage) for target volumes
and squared overdosage objectives (fs; overdosage) fOr each affected only on positive
values of the Heaviside function ®. The mean dose objective fycqn is generally used to reduce
dose to the normal tissues as the mean dose directly contributes to the overall objective
function value. This must be used cautiously as it does not differentiate between the possible
shapes of dose fall off, i.e., high dose with steep gradient or lower dose with low gradient.
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Table 11.1: Dose based objectives commonly used in radiotherapy. d; dose in voxel i, dref is the prescribed or reference
dose level in [VOId S with Ng number of voxels. a is the equivalent uniform dose parameter and © is the unit step
Heaviside function. (Wieser et al., [2017))

Squared overdosing fsq overdoseage — NLS Yies O(d; — dref) (dref - di>2
Squared underdOSing fsq underdoseage — NLS ZieS ®(dref - di) (dref - di>2

., 1
Squared deviation fsq deviation =  Ng ZiES (dref - di)z
Mean dose fmezm = NLS ZiES di

In literature, there are many other kinds of dose objectives presented such as dose-volume
objectives that are more similar to clinical dose objectives which are presented as maximum
or minimum dose acceptable in a subvolume of the structure and the Equivalent Uniform
Dose (EUD) objectives that translate inhomogenous doses in to equivalent uniform
dose distributions in order to evaluate the dose-volume criteria.

11.3.4.2 Effect Based Optimization

For proton radiotherapy, considering a constant RBE| of 1.1, the optimization process can
be identically defined as weighted dose criteria (Oeltke and Bortfeld, 2001; Wu and
Mohan) 2000). This is not the case for carbon ions as the [RBE varies along the beam trajectory.
Furthermore, in this thesis, as the intent is to combine different modalities, the optimization
problem is framed in the context of biological effect (equation (II.13)) reiterating the assump-
tion that the endpoints of tumour control or normal tissue response result from the death of a
percentage of population of cells, irrespective of modality used to irradiate. The biological
effect ¢;(w) in voxel i is given by

2
si(w) = Q; Z Di]'w]' + Bi (Z Di]'w]) (I1.29)
j j

where the a; and f; are the effective[LQ|model parameters in voxel i. For protons and photons,
this corresponds to the intrinsic photon « and B parameters. For carbon ion beams, the
biological effect in the voxel results from an accumulation of effects from different radiation
qualities, e.g. ions of different energy in the same beam or from a different beam angle in a
multifield plan. The effective a; and f; in voxel i are determined by a dose weighted average

given by
L& Dij wj ¥ v/Bij Dij w;
g="0 0T and JBi= (IL30)
- LDjw (O oms

where a;; and B;; are the [LQJmodel parameter contributions in voxel i from pencil beam j
(Wilkens and Oelfke, 2005, 2006; [Zaider and Rossi, 1980). Substituting equation (I1.30) into

equation (1I.29) gives
2
gi(w) = ZAZ]?U] + <Z Bl]w]> (IL.31)
] j
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where A;; = a;;D;; and B;; = Dj; \/,5_1] The A;j and B;; matrices can be precalculated for a
given beam setup and are used to speed up the process of biological effect calculation for
optimization.

The optimization problem is then defined as (Wilkens and Oeltke, 2005):

minimize F(e) =Y pm fule)

subject to cf( < cr(e) <cf Vk
g; = ad; + Bd? Vi (I1.32)
j

As the prescribed doses are primarily defined in the context of photon irradiation, the
reference prescribed dose objectives are converted to prescribed biological effects ¢,,¢ with
with photon « and  parameters.

Table I1.2: Objectives considering biological effect ¢; in voxel 7, €, is the prescribed or reference biological effect level
in VOIsl S with Ng number of voxels. ® is the unit step Heaviside function. (Frese| [2011}; |Oelfke and Bortfeld, [2001)

Squared overdosing qu overdoseage = NLS Yics Oe; — Sref) (gref —g;)?
Squared underdOSing fsq underdoseage = NLS 21’65 ®(8ref - 81’) (gref - 81')2
Squared deviation fsq deviation = NLS Yics <€ref - gi)z

Mean dose frmean = NLS Yies€i

11.3.4.3 Spatio-temporal Optimization

The effect based optimization approach is at the core of treatment planning for carbon ions
and from the perspectives of photons and protons, effect or BED based treatment planning
strategies presented in literature offer new opportunities to optimize the overall treatment
(the concept of effect based optimization can easily be extended to a[BEDIbased optimization
as the shown in equation (II.15)). The method of non-uniform spatio-temporal optimization
presents the possibility to deliver distinct fraction dose distributions that potentially improve
the overall treatment plan quality. This is achieved by hypofractionating subregions of the
tumour while hyperfractionating normal tissue (Adibi and Salari, 2018; Gaddy et al., 2018;
Lopez Alfonso et al., 2017; Unkelbach et al., 2016; Unkelbach and Papp, 2015; Unkelbach
et al., 2013). Spatio-temporally optimized plans add an additional degree of freedom in
the temporal domain allowing for a superposition of distinct fractional biological effects
that yields a uniform overall biological effect in the tumour that is more conformal, hence
sparing more healthy tissue. For an n fraction single modality treatment, the effect based
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spatio-temporal optimization problem can be given as

minimize F(&) =Y pm fule)

subject to ¢k < ci(e) < cf vk
g = té ady; + Bd;; Vi (IL.33)
dyi = _Z Dj; wy Vi, Vit
j
wg; >0 Vj, vt

where dy; is the dose delivered to voxel i and wy; is the intensity of pencil beam j in fraction ¢.
The objectives presented in[[1.3.4.2]can be used to codify the clinical prescriptions.

The conventional dose based optimization problem mentioned in the previous chapter is
a convex problem and therefore the optimal solution can be found using gradient descent
methods. The effect and based optimization problem may be non-convex due to
quadratic definition of biological effect. For objective function F the weighted sum of convex
functions fi, f, are convex if the weights p;, p> are non-negative

F=pifi+pfa = Fisconvex (I1.34)

hence the overall objective function F is convex if its base component objective functions are
convex. The squared overdosage objective and mean objective are inherently convex. The
critical term here is the effect based squared underdosage objective. Evaluated at voxel i for
an n fraction treatment and prescribe effect ¢,,¢. With domain restricted to 0 > d; > d,,f the
Heaviside function can be ignored and the under dosage objective objective fH and its first
derivative f/Y(d;) are given as

;) = (Emf —aid; — ﬁid?)z

K (IL35)
fi(d) =2 Zf — ajd; — i} ) (—at; — 2Bid;)
and the second derivative f/'U is given as
€
MU (d;) =2 [6[312511.2 — 20;iBid; + (aF — 2B; ’;f )} (I1.36)
Therefore f1(d;) is convex if the inequality
2
& Eref
S :
2% 2 (I1.37)
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is satisfied. This goes to show that the biological parameters and prescribed effects are
intrinsic variables of the effect based optimization problem that determin the convexity of
the objective function. Furthermore, if the objective function is non-convex, a range of dose

1a; 1 o 2 g 2 zeref
4> g5+ EJ (5—) 6 [(5—) T W] (1L.38)

where the second derivative is positive and f(d;) is convex. The squared underdosage

d; can be derived

objective is not always convex however in the domain of the target volume, for clinically
relevent prescribed doses the objective function is convex. A heuristic solution to this problem
of convexity in practice would be a careful selection of the starting point of the optimization
such that it is situated in the convex region of the objective function. The issue of convexity is
presented in further detail by Gaddy et al. (2018); Unkelbach and Papp|(2015), in the context
of BEDIbased spatio-temporal optimization, and by [Frese| (2011), in the context of effect based
optimization for carbon ions.

1.4 Mixed Modality Treatments

Radiotherapy today has several modalities in its arsenal, each with its distinct physical and
biological characteristics and associated costs. Therefore the natural question of the beneficial
combination of two or more modalities arises. A review of literature into the techniques
that have been proposed to combine radiotherapy modalities is presented in the following
subsections. This section also highlights the knowledge gap in photon—carbon ion mixed
treatments and presents the motivation for this thesis.

[1.4.1 Clinical Practice

As there is a strong base of evidence for single modality treatments in radiotherapy, the clini-
cal approach to mixed modality treatments is to separately optimize individual modalities
and simply combine them based on the total physical and [RBE| weighted doses to correspond
with the existing knowledge from photon therapy treatment response.

The combination of photons and electrons is motivated by the ability of electrons (light parti-
cles) to reduce dose to deep seated tissue. The delivery of such a treatment is quite convenient
as electron irradiation can be carried out with minor alterations to clinical LINACs. There
have been a number of early publications presenting this with the general recommendation
that [MRT|may be superior to using both modalities (Gupta et al., 2009} Krayenbuehl et al.|,
2007). This disadvantage may be attributed to the very low range and larger scatter from
electron irradiations.

Protons on the other hand, have a considerably greater range in tissue which motivated

33



CHAPTER Il. BACKGROUND

some studies to consider mixed modality treatments to improve on existing photon therapies.
Proton-photon treatments have been primarily explored for indications with adjacent critical
structures like Meningiomas, Chordomas, Chondrosarcomas and neuroendocrine carcinomas
where the ability of particle therapy to create steep dose fall-offs is exploited. These studies
report that combined treatments have a conformity inferior yet similar to only proton therapy
treatments and report well tolerated normal tissue effects (Adeberg et al.,2017; Boskos et al.,
2009; Feuvret et al., 2007; Fitzek et al., 2002;|Noél et al., 2001; Wenkel et al.,|2000). The com-
bined plans were found to be comparable to conventional photon therapy but are expected
to be beneficial in terms of reduction of post irradiation side effects. Apart from the highly
conformal dose distribution possibilities the use of carbon ions is also motivated by its higher
RBE] therefore studies investigated treatments with a carbon ion boost to photon irradiations.
These studies show promising results for indications like Adenoid Cystic Carcinomas (ACC)
(Akbaba et al., 2019a}b; Jensen et al., 2015; |Schulz-Ertner et al., 2005} 2003), spinal and base of
skull chordomas (Schulz-Ertner et al., 2003), for prostate cancer (Nikoghosyan et al., 2011)
and Glioblastomas (Combs et al., 2010).

A possible extension of this strategy is the sequential optimization of the two modalities,
where the second dose distribution compensates for the previous dose distribution in order
to achieve the specified overall objectives (Wu and Mohan|, 2000). This approach was ret-
rospectively studied by (Kramer et al., 2014; Schuppert et al., 2020), where the [IMRT] plan
was optimized taking into account the previously delivered carbon ion dose distribution.
The study reported possible benefits from bias dose optimization due to favourable dose
distribution characteristics. Such combinations of radiation modalities are not based on any
unified optimization criterion and thus may not fully exploit the full potential of combined
treatments.

11.4.2 Joint optimization of mixed modality treatments

The question of ideal combination of radiation modalities may be answered by a simultaneous
optimization of the modalities within a framework that models the overall treatment. The
approach has been put forward in several papers regarding simultaneous optimization of
intensity modulated photon-electron fields based on a cumulative dose criteria (Alexander
et al., 2012; Miguez et al, 2017; Mueller et al., 2017} 2018; Palma et al., 2012; Renaud et al.,
2017, 2019; Xiong et al., 2004). The rationale being that electron beams would be used to
reduce the integral dose to deeper healthy tissues and photons to improve the plan quality
and conformity.

One motivation behind proton-photon combination treatments is the optimal utilization of
limited proton fractions. Gao (2019) presents a joint optimization strategy for protons and
photons based on physical dose that imposes a uniform dose regularization for each modality.
The following proton-photon joint optimization strategies make no restrictions on the dose
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shape delivered by each modality. Fabiano et al.|(2020a) considers the joint optimization of a
horizontal fixed proton beamline with photons based on a physical dose criteria. The joint
optimized plans use photons to improve on the reduced plan quality of protons and protons
are used to reduce the integral dose to normal tissue. Kueng et al. (2020) present a triple
modality combination of photons, electrons and protons optimized on the overall physical
dose. As an example, the general joint optimization problem based on cumulative physical
dose d for photon—proton treatments can be written as

minimize F(d) =) pm fu(d)

wY,wP
subject to cb < ci(d) < cf vk
di =Y D]w!+Y RBE DLw! Vi (I1.39)
r S
w) >0 Vr
w! >0 Vs

where p,, are the penalties for individual objectives f,,(d) based on the cumulative dose.

Y oo,P
wriws

are the intensities for pencil beams r , s for photons and protons, and dose influence
matrix elements D and DZ represent the dose contributions of pencil beams r,s to voxel i for
unit intensity respectively. RBE for protons is assumed to be constant (1.1).

Some joint optimization approaches have been suggested based on an overarching
based criterion as defined in equation ([I.15). [Fabiano et al|(2020b); Unkelbach et al(2018)
approach the joint optimization problem assuming a predetermined number of photon and
proton fractions. Here the joint optimization process is similar to the problem described
in equation (I1.39), but considers the cumulative b. The implication of employing the
cumulative is that the optimization considers the physical dose distribution and the
temporal distribution of dose, i.e., fractionation. Therefore, are spared not just by
improved conformity of the dose but also by the uniform distribution of dose contributions
over all fractions of the combined treatment. This is based on the concept of spatio-temporal

optimization as described in section For a treatment of n" fractions of photons and n?
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fractions of protons, the joint optimization problem can be given as

minimize F(b) =Y pu fu(b)

w? ,wP
subject to ¢k < cx(b) < cf vk
d) RBE d?
_ p ;
b, = n7d? 1+ (lx/—lﬁ)l +n? RBE di 1+ (Dé/ﬁ)z ] Vi
d;y _ ZDZW;Y Vi (I1.40)

r
P _ p._.P ;
d; = ZDist Vi

S
w) >0 Vr
wf >0 Vs

where («/p); is the intrinsic photon a/ B ratio in voxel i. The use of BEDbased optimiza-
tion results in a distribution where protons deliver most of the dose to target volume,
thereby hypofractionating the tumour and therefore reduce the integral dose to healthy tissue
from photons. [Ten Eikelder et al. (2019) approach the joint optimization problem without
predefined number of fractions for either modality. The approach is an amalgamation of the
optimization on cumulative and the optimal fractionation problem presented by Mizuta
et al.|(2012alb)); Saberian et al. (2016).
Looking into heavy ion therapy, the preliminary results of combination of different ion species
was presented by Kramer et al.| (2014) and Kopp et al.|(2020) presents a combination of carbon
ion - proton and carbon ion - helium ion therapy with the aim of delivering a uniform [LET]
distribution in addition to the physical dose.
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1I.5 Motivation and Research questions

The presented theoretical background should equip the reader with a broad understanding
of the physical and biological characteristics of photon and carbon ion beams in the context
of radiotherapy. To broadly summarize, compared to photons, carbon ions can be used to
generate dose distributions that are much more conformal to the tumour volume and greatly
reduce the integral dose to healthy tissue due to their dose deposition characteristics. Carbon
ions are also biologically more effective than photons and are unfazed by effects such as the
Although this increased effectiveness is favourable in the tumour, it comes at the cost
of a proportionally increased cell kill in healthy tissue. Photons on the other hand are able to
exploit the fractionation effect in order to spare healthy cells.

The aim of this thesis is to develop a framework to simultaneously optimize photon—carbon
ion treatment plans to exploit each modality’s strengths in combination treatments. To accom-
plish this, the physical dose contributions from photons and carbon ions must be translated
into a common frame of reference and this is done using the [RBE| predictions from the [LEM]
model. The evaluation of the overall biological effect, considering fractionation effects, is done
using the[LQJmodel for a predetermined number of fractions. Although an assessment of the
sensitivity to the number of assigned fractions was carried out, the question of optimization
to find the ideal fractionation schedule for photons and carbon ions is outside the scope of
this thesis. The approach taken in this thesis is related to earlier work on joint optimization of
photons—protons by |[Fabiano et al.| (2020b); [Unkelbach et al. (2018), but extends it to complex
biological considerations required for carbon ions. Previous work in carbon ion combined
treatments rely on a simple [RBE based dose summation (Schuppert et al.,[2020), or use LET]
as a surrogate for biological effects (Kopp et al., 2020). The approach presented here directly
incorporates the radiobiological considerations for carbon ions into the joint optimization
framework. This thesis also investigates the influence of the underlying parameters of joint
optimization like: (1) the choice of fractionation schedules on joint optimized treatments and
the impact on the individual dose contributions for photons and carbon ions. (2) The choice
of tumour radiosensitivity parameters, as the decision to fractionate dose depends on the
relative radiosensitivity of the tumour and the healthy tissue around it. (3) The choice of RBE|
prediction model for carbon ions on the overall treatment.

Finally, these concepts are applied to develop a mixed modality treatment strategy for in-
filtrative tumours where the is composed of a mixture of tumour and healthy tissue.
In this scenario the healthy tissue could ideally be spared by fractionating the dose using
photons while utilizing carbon ions to irradiate the In order to achieve this, a composite
objective function was developed to consider the biological effect in both tumour and healthy
cells located at the same spatial location. This strategy is demonstrated for Glioblastoma
cases where the clinical approach was a carbon ion boost to photon irradiation.
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"To a man with a hammer

everything looks like a nail"
Mark Twain, 1835 - 1910

Materials and Methods

1.1 Joint optimization framework for photon-carbon
ion treatments

This section lays out the mathematical framework for joint optimization of photon—-carbon
ion treatments and the intricacies associated with the incorporation of variable models.
The theoretical implications of joint optimization with differential LQJmodel parameters are
illustrated using a one dimensional prototype. This serves to help understand the dependency
of optimal combination of photons and carbon ions on the radiobiological characteristics of
the two modalities. This section also highlights the implementation of the joint optimization
work-flow and the technical complexities associated with combined treatment optimization.
Finally, methodology for the application of combined treatments to spinal metastases, base of
skull chordoma and glioblastoma are presented.

[11.L1.1 Formulation of the joint optimization problem

Unimodal radiotherapy treatment plan optimization is based on the physical dose for pho-
tons, or dose weighted by a constant[RBE for protons (as described in section[[I.3.4.1). Carbon
ions are optimized based on[RBE|weighted dose to account for the varying biological effec-
tiveness along the beam path (as described in section [[.3.4.2). Conventional mixed modality
treatment planning is based on the sum of separately optimized unimodal treatments. In
order to achieve a truly optimal combination, the two modalities must be considered simul-
taneously within the optimization. Therefore, the first step is to establish a common frame
of reference for both modalities to evaluate the cumulative effects of treatment. |/Alexander
et al.| (2012); Miguez et al. (2017); Mueller et al. (2017, 2018); Palma et al. (2012); Renaud et al.
(2017, 2019); Xiong et al. (2004) consider physical dose delivered as the constant frame of
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reference to accumulate dose for photon—electron treatments, however such a method is not
useful for photon—carbon ion combinations as carbon ions exhibit a high [RBEl compared to
photons. Gao (2019), [Fabiano et al.| (2020a) and Kueng et al.| (2020) optimize based on the
RBEl weighted dose for photon—proton combined treatments, this approach however does
not model fractionation effects seen for inhomogenous dose distributions. One approach to
solve this challenge is to use a biological dose quantity, such as[BED) to accumulate dose as
presented by (Fabiano et al., 2020b; Unkelbach et al, 2018). Such an approach is based on
the spatio-temporal optimization strategy described in section The implementation
of this[BEDIbased model to combined treatments with carbon ions is challenging due to the
difficulty in computing dose averaged effective a® /B¢ from multiple beams.

The joint optimization of photon—carbon ion treatments presented in this thesis employs
the biological effect to model non-linear effects arising from not only the variable [RBE] of
carbon ions as described in section but also from the fractionation of dose. Such a
formulation is similar to the BEDIbased approach and can be trivially extended to include
protons treatments. The biological effect is modelled with the basic[LQJmodel (as presented
in section and does not consider the time schedule of irradiation using photons or
carbon ions. W1th a fixed biological effect based frame of reference for both modalities, the
treatment can be optimized to prescription that has been also translated into biological effect.
Assuming a photon—carbon ion treatment with n? fractions of photons and n® fractions of
carbon ions, the optimization problem can be written as

mlmmlze ]: Total me Total

subject to /*" = n7e) + nCs? Vi

2
—oﬂZD w7+ﬁ7 (ZD > Vi
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where the objective function F (&™) is the sum of the individual objectives f,,(e7")

Total

based on the total biological effect £'%*, weighted by a penalty factor p;,. The total biological

effect in voxel i is the sum of the fraction biological effects from photons and carbon ions, ¢!
and ¢¢ respectively, weighted by the number of predetermined fractions, n” and n°. w]7 is the
intensity of photon pencil beam j, and DV is its dose contribution in voxel i for a unit 1nten81ty
a”, B7 are the [LQ|parameters for photons which are constant for a given type of tissue. w{
is the intensity of the carbon ion pencil beam k and Dg{ is its physical dose contribution in
voxel i for a unit intensity. a$ and B are the effective LQ|model parameters for carbon ions

that depend on the spatial location of the voxel i within the beam path of beam k. The given
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objective function is solved to obtain a set of pencil beam intensities for photons w;Y and
carbon ions wlf that yields the optimal total biological effect distribution.

The effect based objective functions f,,(¢7°*"') considered in this thesis are given in table
Namely, squared underdosage objectives are used to achieve target coverage. Whereas
squared overdosage and mean dose objectives are used to incentivize the reduction of dose to
healthy tissue by redistributing fluence spatially and between photon or carbon ion fractions.
The prescribed effect is calculated using the clinical dose prescription and photon &/ ratio
of the tissue.

Table I11.1: Objectives considering biological effect ¢; in voxel i, £, is the prescribed or reference biological effect level
in VOIs S with Ng number of voxels. © is the unit step Heaviside function. (Frese, 2011} [Oelfke and Bortfeld| [2001))

Squared overdosing fsqoverdoseage = NLS Yics O(ei — erer) (€ref — e)?
Squared underdosing  fs; underdoseage = NLS Yics O(erer — &) (&ref — e)?
Squared deviation fsq deviation = NLS Yies (€ref — e)?

Mean dose fmean = NLS YicsEi

An extension to the aforementioned joint optimization configuration is the hypothetical
case of dual irradiation where both modalities can be delivered in each fraction. This can be
achieved by a change to the formulation of total biological effect in voxel i, given by

el = p(el +e5) Vi (I11.2)

where the objective functions are evaluated for an n fraction treatment. Such a hypothetical
treatment strategy is motivated by the idea of giving the optimizer complete control on the
choice of modality given the option of uniform fractionation with either modality.

The joint optimization formulation presented here can be flexibly extended to utilize addi-
tional modalities and alternative variable models.
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[11.1.2 Fractionation in combined photon-carbon ion treatments

The concept of fractionation is driven by the underlying radiosensitivity characteristics of dif-
ferent types of tissue. When the tumour is more has a higher a / B ratio than healthy tissue the
model predicts better normal tissue sparing by fractionating the dose. However, if there
is no difference in the a /B ratios or if healthy tissue is more radiosensitive, the treatment is
motivated to hypo fractionate dose as there is no benefit from fractionating dose (II.2). Within
a given fraction allocation between photons and carbon ions, the joint optimization implicitly
considers the fractionation decision within the target volume. The decision to hypofractionate
or hyperfractionate local regions of the target volume are implicitly considered by the joint
optimization formulation.

As mentioned in section carbon ions are more effective than photons and therefore
report a higher a /B ratio for both tumour tissue and healthy tissue. This leads to the ques-
tion of the ideal dose contributions from carbon ions and photons when there is a need to
fractionate dose and whether carbon ions allow for any fractionation at all.

In radiotherapy, the tumour boundary (GTV) is defined by the anomalous volume visible
in imaging modalities, however in reality, this interface between tumour and healthy tissue
is not necessarily so well defined. In order to assess the optimal fractionation of photons
and carbon ions, consider a voxel on such an interface with the assumption that both tu-
mour and healthy tissue exist within this voxel. The objective function evaluated for this
voxel consists of an underdosage objective for tumour tissue considering a tumour «/  ratio
(«7/B7 = 0.5/0.05 Gy) and an overdosing objective considering normal tissue a/p ratio
(«7/B7 = 0.1/0.05 Gy). Consider a treatment where 4 Gy is prescribed in 2 independent
fractions, translating to a prescribed biological effect to tumour cells €/, ;=24 and effect
limit in the healthy cells ¢L = 0.8. The optimal combination of both modalities may be
now defined as the minimum of the following objective function F (¢;), which penalizes
underdosage to the tumor and overdosage to the healthy tissue in voxel i.

Fle) = © (chylah,B7) — eile B1)) [ewy @, B) — ei(e, B’

(IIL.3)
2
+ 0 (ei(“zm Blr) — Siif(“?va ;YVT)> [eref(“?\m Nr) — &i(@lir Br)]

where ¢;(at, BT), €;(a;r, Bi;7) are the cumulative biological effects from the 2 independent
fractions d; and dj, considering an a7, B7 for tumour and healthy cells respectively. For a
photon-photon combination the total biological effect €;(a?, B7) is given as

ei(ad, B) = (ald] + BI(d])?) + (ald] + BI(d))*) Vs e {T NT} (ITL.4)

For a photon- carbon ion combination, the total biological effect is given by

(o, B7) = (ald] + BI(d])?) + (aS.d§ + BS(dS)2) Vs € {T,NT} (11L5)
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C C
1,87 71,8
), ,Bz and the location of the voxel i in the carbon ion beam.

Figure [III.1{ shows the objective function values of equation (III.3)) for a range of fractional

doses d; and d, of a photon-photon combination and a photon—carbon ion combination

where « are the effective carbon ion «, B parameters that depend on tissue specific

sampled at three different locations along the carbon ion beam. (====) shows the lower
bound of isoeffective dose combinations that satisfy the tumour underdosage objective, i.e.,
SZT >24. (
healthy tissue overdosage objective, i.e., eNT < 0.8. For the independent photon-photon

) shows the upper bound of isoeffective dose combinations that satisfy the

combination there exists a dose combination of dose d; = d, = 2Gy (O ) that satisfies both the
underdosage and overdosage objectives (F (g;) = 0). On the other hand with photon—carbon
ion combinations, it is not possible to satisfy both objectives simultaneously. Furthermore,
for the carbon ion a®, B sampled at the entrance and tail region of the beam, there exists
an optimal combination of photon—carbon ion doses d;, d, that suggests a non-zero dose
contribution of carbon ions. This implies that a marginal fractionation gain can be observed
in these regions for carbon ions. The high values of a®, B¢ at the Bragg peak suggest no gain
in fractionation and therefore the optimal solution is to deliver the prescribed dose solely
using photons that would minimize the violation of the overdosage objective for normal
tissue. The carbon ion a*, B¢ were predicted using the LEMITV model.
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Figure 111.1: Iso-effective dose combinations that result in a total biological effect of 0.8 in normal tissue (=) and
2.4 in tumour tissue (===+). (a) show the a®, B¢ sampling points along a carbon ion beam of 241.03 MeV for a
photon—carbon ion combination. Objective function value is shown in the colourwash. O indicates the minimum of
the objective function, i.e., the optimal combination of effect from two fractions dy, d. (b) shows a photon-photon
dose combination, and (c), (d), (e) show ideal photon—carbon combinations for carbon a¢,BC sampled at points 11.6
cm before the Bragg peak, 0.2 cm before the Bragg peak, and 0.65 cm behind the Bragg peak, respectively.
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111.L1.3 Implementation

1.1.3.1 Software framework

The implementation of the combined treatment planning approach was developed on the
existing framework for robust unimodal treatment planning in the open-source treatment
planning platform matRad in the Matlab programming environment (Cisternas et al., 2015}
Wieser et al., 2017, 2018). matRad provides the tools for dose calculation and optimization of
intensity modulated radiation therapy with photons, protons and carbon ions. The generic
treatment machine base data for each modality are stored as Matlab structures that model the
physical beam characteristics. The photon machine base data provided with matRad, models
a 6MeV SIEMENS Artiste 3 based on the single value decomposed pencil beam algorithm
presented by Bortfeld et al.| (1993). The particle base data for protons and carbon ions are
generic treatment machines as presented by Wieser et al|(2018) with tabulated [LET. For
carbon ions, the dose-averaged [LQJmodel parameters, based on[LEMIIV, are also provided
for RBE| based treatment planning (Wieser et al., 2017, [2018). Despite matRad not being a
clinical treatment planning system, all computations have been validated against the clinical
treatment planning system Syngo and can therefore be considered to be of clinically relevant
accuracy.

In the matRad environment, the dose influence matrices are stored as compressed sparse
matrices and the dose calculation is done by an internally parallelized matrix-vector product
with pencil beam intensities. matRad uses the interior point optimizer package (IPOPT)
(Wachter and Biegler, 2006) to solve the fluence optimization problem. IPOPT requires a set
of initial pencil beam weights and function call-backs to evaluate the objective function and
the gradient of the objective functions, while the Hessian is approximated by L-BFGS.

111.1.3.2 Spatio-temporal optimization

The implementation of the joint optimization framework was preceded by an implementation
of a spatio-temporal optimization foundation where the optimized plan is based on the
cumulative biological effect from multiple, possibly distinct, fractions. Unlike conventional
treatment planning, which is optimized for the fraction dose, spatio-temporal optimization is
carried out on the cumulative biological effect of the treatment over all fractions. Therefore
the prescribed dose objectives are translated into prescribed total biological effects based on
the tissue specific[LQ] model parameters to account for fractionation. In practice, the distinct
fraction doses are handled using a matrix of pencil beam intensity vectors thus simplifying
the dose calculation to a matrix-matrix product resulting in a matrix of dose vectors for
each fraction that can then be transformed to biological effects to be accumulated. This
implementation takes advantage of internal parallelization in matrix operations of Matlab to
simultaneously calculate dose distributions over all distinct fractions.

44



CHAPTER Ill. MATERIALS AND METHODS

111.1.3.3 Implementation of effect based joint optimization

The joint optimization framework was created with a modular approach in mind to facilitate
the combination of multiple radiation modalities. The dose calculation was modified to seri-
ally accumulate the fractional biological effects from each modality into the overall biological
effect of the treatment, which is then used to evaluated the objective function. In order to
achieve this, the dose influence matrices for multiple modalities were consolidated into a sin-
gle dose influence matRad structure which is then used to calcuate the cumulative biological
effect. This implementation retains the functionality of spatio-temporal optimization within
the modalities, i.e., the hypothetical situation of delivering multiple modalities each with a
set of distinct dose distributions. The current bottleneck is memory management for the large
dose influence matrices from multiple radiation modalities. A photon—carbon ion plan can
be jointly optimized in matter of hours, where the matrix-vector product for dose calculation
and gradient computation are the most computationally intensive tasks.

111.L1.4 Convergence

I11.1.4.1 Convergence considerations

The mixed modality joint fluence optimization problem, as described in section is
generally a convex problem in the domain of therapeutic doses. Within this range of doses
the optimization problem can be solved using gradient descent methods. However conver-
gence is a practical problem that refers to the ability of the optimizer to come to consistent
optimal solutions while traversing this convex space. Convergence is a challenge particularly
interesting in the joint optimization scenario. The optimizer assesses the optimality of a joint
optimized solution by evaluating the change in objective function value. If this change in
objective function value is less than a predefined tolerance/threshold the solution is deemed
to be acceptable/optimal. On varying the objective function value change tolerance for
optimized unimodal treatments, the variation seen in dose distribution is small. Further
analysis on the degeneracy of the radiotherapy optimization problem were presented by
Alber et al.| (2002). However for combined treatments, a small variation in objective function
value may be reflected as a widely different individual fluence distribution of photons and
carbon ions.

Initial experiments showed that the rate of convergence in late stages of optimization for
jointly optimized plans is low as the driving factor is the reduction of mean biological effect
to the external healthy tissue. Multiple arbitrary dose distributions may satisfy the squared
underdosage objectives to the target. However the optimal combined treatment must also
limit the dose to adjacent critical structures and minimize mean dose to external healthy
tissue. The late stages of the optimization are characterized by a redistribution of fluence
between the two modalities to reduce the mean biological effect to healthy tissue, which is
reflected by a relatively small reduction in the objective function value, when compared to the
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other square effect difference objectives seen by evaluating treatment plans at various time
points, shown in figure of the optimization. This reduced gradient not only results in
different overall biological effect distributions but also different individual dose contributions
of each modality. Therefore the reduced gradient motivates the need for defining a smaller
threshold on tolerance for change in objective function values to reach the optimal solution.

111.1.4.2 Preconditioning

The slow convergence may also be attributed to the differences in dose influence matrices
for photons and carbon ions. The underlying magnitude of dose influence of each pencil
beam is different between the two modalities within matRad, resulting in a large initial
difference in gradients between the two modalities within the overarching cumulative dose
influence matrix consisting of both modalities. This difference in turn causes a slower initial
convergence rate. Preconditioning is a method used to reduce the condition number of the
matrix, i.e., ratio of the largest singular value of the matrix to the smallest singular value.
Intuitively, preconditioning is an approach to modify the quadratic form of the pencil beam
dose influence space between the two modalities to a more spherical form (Shewchuk; |1994;
Wathen, 2015). In this thesis a Jacobi preconditioner (diagonal preconditioner) was implemented
that transforms the dose influence matrices of photons and carbon ions using a diagonal
matrix, which is trivial to invert. The preconditioning diagonal matrix is composed of the
reciprocal of the total dose contribution of each pencil beam.
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Figure I11.2: Evolution of the objective function values with ( ) and without (====) preconditioning. Markers
present optimization end conditions considering different tolerances for changes (16’03, le %, 16705 10706 1,07
1e~08).
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The result of preconditioning on convergence is illustrated with figure [l11.2} that shows
the objective function value over the course of an optimization for a sample case without a

preconditioner ( ) and with a preconditioner ( ). The marks plotted on the curves
represent the points where the optimization would satisfy the objective change tolerance
threshold of various values. The jumps in objective function values in early steps of the
optimization suggest an suboptimal choice of starting point for the optimizer as both opti-
mizations converge to a similar starting point seen at iteration #15. As mentioned earlier,
the rate of convergence of joint optimization is low in the later stages of optimization re-
quiring a smaller objective function value change tolerance, and the use of a preconditioner

demonstrably speeds up convergence.
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1.2 Proof of concept

In order to validate the joint optimization framework the first step was to reproduce re-
sults previously presented in literature. Unkelbach et al.| (2018) present a spinal metastasis
case to illustrate the potential benefit of such jointly optimized photon—proton treatments
and fractionated treatments in the situation of epidural involvement. Jointly optimized
photon—proton plans were generated to qualitatively compare the matRad implementation
of joint optimization to results published in the aforementioned publication. Following this
comparison, photon—carbon ion plans was generated to quantitatively study the implications
of joint optimized plans with the backdrop of unimodal treatments and the clinical work flow
of a simple combination of separately optimized treatment plans.

[1.2.1 Spinal Metastasis

The spine is the most common location for
bone metastases. They have been treated
with conventional palliative radiation which
is associated with low rates of complete re-
sponse with respect to pain management
and local control (Husain et al., 2017).
Stereotactic Body Radiotherapy (SBRT) was
developed with the intent to improve pain
control and local control and achieves this by
delivering a considerably higher than
conventional radiotherapy. In the case of
spinal metastases, high fraction dose
protocols are used, for example, single frac-
tion of approximately 20 Gy (Husain
et al., 2017 [Yanez et al.,[2017). Figure
shows a spinal metastasis patient where the Figure [11.3: Shows a spinal metastasis patient case where

L. O the target volume surrounds the critical structure, the
cauda ( ) is situated within the target vol- 45

ume ( ). A dose limiting margin was con-

sidered surrounding the cauda as a 3 mm expansion of the cauda ( ), additionally a dose
fall-off region (=) was defined around the target volume to ensure conformity of the high
dose. For tumours with epidural involvement, a larger number of fractions is required to
spare the nearby like the spinal cord. The use of particle therapy was predicted to

improve this sparing of [OARs| (Yanez et al.,[2017).
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111.2.2 Treatment planning

The treatment plan was generated for a 5 fraction treatment delivering a total of 35 Gy to
the target volume (CTV) (Gill et al., 2012). The model parameters were assumed to be
a7 /BY = 10 Gy for the tumour and a7 /B7 = 2 Gy for healthy tissue. This differential a7 /7
between tumour and healthy tissue implies a fractionation gain in terms of sparing healthy
tissue. To maintain consistency, particle therapy modalities were planned with two dorsal
oblique beams (140°, 220°) and photon (IMRT)) plans were generated using 9 equispaced
beams. The treatment planning objectives are given in table

Table I11.2: Defines the treatment planning objectives for spinal metastases with involvement of the dura considering
a 5 fraction treatment.

VOI Objective function a7/p7 [Gy] Dose objective [Gy] Effect objective
CTV sq. underdosing 0.5/0.05 35.2 29.99
CTV sq. overdosing 0.5/0.05 36.45 31.51
Cauda sq. overdosing 0.1/0.05 20 6
Cauda + 3mm sq. overdosing 0.1/0.05 28.8 11.17
Fall-off sq. overdosing 0.1/0.05 17.7 49
External mean dose 0.1/0.05 - -

Firstly, a proton-photon joint optimized plan was generated, similar to the treatment plan
presented by \Unkelbach et al. (2018). Distinct sequentially delivered fractions of photons (4
fractions) and carbon ions (1 fraction) are simultaneously optimized. The intent behind this
plan was to validate the matRad implementation of joint optimization against previously
published results and to establish the reproducibility of jointly optimized plans. Protons were
considered with the clinically used constant[RBElmodel (RBE = 1.1). The proton contribution
to total effect ¢!’ in voxel i is given as

2
ef =a" RBEY Djwf +p" <RBE Y. D},jw,f> Vi (IIL.6)
k k

where w! is the intensity of pencil beam k and D}, is its dose contribution to voxel i for
unit intensities. The biological effect of photon-equivalent proton dose (RBE weighted dose)
is computed using the photon [LQ|model parameters a”, 7. The effect based formulation
for photon—proton combined treatments is equivalent to the formulation presented in
equation when scaled by 1/a7.

To study the implications of jointly optimized photon—carbon ion combined treatments, five
treatment plans are presented. The reference plans for this study are a 5 fraction photon
only treatment, a 5 fraction carbon ion only treatment and the combination of [RBE weighted
dose of separately optimized photon treatment of 4 fractions and 1 fraction of carbon ion
treatment which follows the clinical work flow for combined treatments. The jointly opti-
mized treatments presented consider two strategies: first, the joint optimization of 1 fraction
of carbon ions along with 4 fractions of photons. Second, the jointly optimized concurrent
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irradiation strategy where both photons and carbon ions are applied in all fractions, to afford
the optimizer the maximum freedom to exploit any possible fractionation gain.

[11.3 Impact of treatment parameters

111.3.1 Impact of fraction allocation

Particle therapy is a limited resource and it is essential to understand the variations in plan
quality over different photon and carbon ion fraction allocation sets. Therefore treatment
plans were generated over varying number of carbon ion fractions and their complementary
photon fractions for a 5 fraction treatment for the spinal metastasis case, presented in the
previous section. To this end, six treatment plans were generated varying from an only
photon treatment plan through jointly optimized photon—carbon ion plans to an only carbon
ion treatment plan. These plans were evaluated based on the objective function value and
clinically used treatment plan quality indicators based on the [EQDP.

To take this further, photon—carbon ion plans were compared to photon—proton plans, for
varying distributions of fractions, to understand broader relative differences between carbon
ions and protons for mixed modality treatments. Treatment plans for photon—-carbon ions
and photon—protons were optimized considering the objectives presented in table

111.3.2 Impact of Linear Quadratic model parameter selection

The spinal metastasis cases described until now have been optimized assuming an increased
radiosensitivity of the tumour compared to healthy tissue reflected by a tumour a?/p7 =
0.5/0.05 Gy and an «7/p7 = 0.1/0.05 Gy for healthy tissue. This naturally leads to a
question regarding the optimal combination when there is no gain from fractionation, i.e.,
a7 /B = 0.1/0.05 Gy for tumour and healthy tissue. In the interest of continuity with the
example spinal metastasis patient case, a hypothetical mixed modality treatment plan was
generated using the treatment objectives mentioned in table where the[CTV|a7, 7 =
0.1/0.05 Gy, equal to that of healthy tissue. This plan was qualitatively compared against a
jointly optimized plan assuming a fractionation gain as presented in section [[Il1.2.2]
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11.3.2.1 Base of skull chordoma

A base of skull chordoma was used to il-
lustrate this concept in a more clinical con-
text and lay out the importance of the dif-
ferential a7/ B parameters. Chordomas are
slow-growing, infiltrative tumours often lo-
cated at the skull base (Debus et al., 2000).
This is a challenging indication due to the
close proximity of critical structures like the
brain stem and due the low a/p ratio of
chordomas which corresponds to a reduced
response to radiation (Schulz-Ertner et al.,
2004). The superior physical dose character-
istics of proton therapy has established it as
a standard treatment for chordomas of the
skull base (Feuvret et al., 2007} [Fossati et al.|
2016; Nikoghosyan et al.,2010). Combined Figure II1.4: Shows a basg of sku.II chordon'wa} patient case

. . where the target volume is abutting the critical structure,
photon—proton treatments were lnveStlgated the brainstem. The structures considered for the optimiza-

and although they achieved dose conforma- tion are (=), brainstem (), center of brain-
stem (brainstem ct : ), dose fall-off volume ( )

and external healthy tissue ( )

tion similar to an only proton treatment, the

unimodal approach presents the advantage

of a reduced integral dose to healthy tissue (Feuvret et al., 2007; Noél et al., 2001). More
recently, the application of carbon ion therapy is being investigated due to its higher RBElin
addition to the improved dose deposition characteristics (Nikoghosyan et al., 2010} Schulz+
Ertner et al., 2002, 2007, 2003, |2004; Takagi et al., 2018;|Uhl et al., 2014).

11.3.2.2 Treatment planning

The treatment plan was generated using the objectives presented in table for a 37 fraction
treatment delivering 66.6 Gy to the target volume (CTV)(Debus et al., 2000; |[Fossati et al.,
2016; Noél et al., 2001). The 37 fractions are divided into 25 fractions of photons and 12
fractions of carbon ions that are simultaeneously optimized. The mixed modality plan was
generated using 4 beams of carbon ions (90°, 120°, 240°, 270°) and 9 equispaced photon
(IMRT) beams. The[LQmodel parameters were assumed to be a7 /B7 = 2 Gy for tumour and
healthy tissue (Henderson et al., 2009; van Leeuwen et al 2018). Without a fractionation
gain, the 37 fraction photon—carbon ion jointly optimized treatment plan is expected to utilize
superior carbon ion physical characteristics to achieve target coverage. Therefore the jointly
optimized plan is compared against a unimodal 12 fraction carbon ion plan delivering the
same prescribed effects.
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Table 111.3: Defines the treatment planning objectives for base of skull chordoma with 37 fraction treatment.

VOI Objective function «7/p7 [Gy] Dose objective [Gy] Effect objective
CTV sq. underdosing 0.1/0.05 66.6 12.65
CTV sq. overdosing 0.1/0.05 68 13.05
Brainstem sq. overdosing 0.1/0.05 60 10.86
Brainstem center sq. overdosing 0.1/0.05 54 9.34
Fall-off sq. overdosing 0.1/0.05 60 10.86
External mean dose 0.1/0.05 = -

1.4 Mixed modality treatments for Infiltrative disease

As mentioned before, carbon ions are radiobiologically more effective than photons and may
be quite well suited to treating the However, this comes at a cost of a higher effect in
healthy tissues from a reduced fractionation effect. Therefore carbon ions may not be ideal
for treating infiltrative tumours where there is a combination of tumour tissue and healthy
tissue in the [CTV] and the healthy tissue is to be protected by fractionating the dose, i.e.,
uniform distribution of biological effect. The application of mixed modality treatments to
infiltrative disease is illustrated in the context of treatment for glioblastoma where, clinically,
the photon—carbon ion plans are separately generated and manually combined (Combs et al.,
2010).

11.4.1 Glioblastoma

Glioblastomas are one of the most common primary brain tumours in adults and have a poor
prognosis with median survival times of 9-12 months (Delgado-L6pez and Corrales-Garcial,
2016; Fernandes et al., 2017). The current standard of care is a multidisciplinary treatment of
maximal resection of the tumour followed by concurrent chemotherapy (Temozolomide) and
radiotherapy (IMRT], up to 60 Gy in 2 Gy fractions) (Combs et al., 2010, 2008} Fernandes et al.,
2017; Stupp et al., 2005). The use of carbon ions is motivated by the rapid progression and
radioresistance of glioblastomas Malouff et al. (2019). Furthermore, compared to photons,
carbon ions have a higher cytotoxic effect in glioblastoma cell lines (Combs et al., 2009).
Glioblastomas are also known to infiltrate the brain tissue far beyond the [GTVIboundary
which necessitates a large[CT V] that is created with a 2 cm margin expansion around the(GTV]
not including overlapping tissue interfaces (Hochberg and Pruitt, 1980). This consisting
of mixed tumour and healthy tissue, presents a need for mixed modality treatments which
would exploit the higher [RBE| of carbon ions in the and utilize photons to fractionate
dose to the[CTV]

52



CHAPTER Ill. MATERIALS AND METHODS

[11.4.2 Fractionation in joint optimization

As seen in figure carbon a® and B¢ vary along the carbon ion beam path and intrinsically
depend on the[LET] Generally, a¢ rises when approaching the Bragg peak and B¢ decreases
when approaching the Bragg peak. Therefore increasing a© towards the Bragg peak which is
always greater than the photon a7 implies a higher biological effect for unit intensity. Here
photon a” and B7 are used to model the dependence of carbon & and B¢ on the tissue type.
This can be seen in figure which shows that for isoeffective doses delivered to tumour

tissue by photons and carbon ions, the photon EQDZ%T (=) is always less than the carbon
ion EQD27 ( ) for equal tumour[EQDR of carbon ions EQD2$ and photons EQD27. The

"dip" seen at approximately 115 mm is an effect of the LEMlIbased a*, B¢ prediction results
from a difference in peak positions of a$, 5 and a$;, B% 1 predicted by LEMIIV. It is further
compounded by the underlying inverted dose profile used to achieve a uniform [EQDR in
tumour tissue at different depths of the carbon beam.

5 I I I T T T T T T
— EQD2 [, EQD2 1, EQD2 §
41 |—EQD2 p |

0 0 20 40 60 80 100 120 140 160 180 200

Depth [mm]

Figure 111.5: Comparison of EQDR in healthy tissue from carbon ions (EQD2S;;, ) and photons (EQD2] ==
for isoeffective EQD2§ ( ) and EQD2Y. (===) doses in tumour tissue in mixed tissue considering a 241.03 MeV
carbon ion beam with Bragg peak at 120.6mm (===== )-

In terms of treatment planning for Glioblastomas there are two levels of trade-offs: (1)
the general conflict between target converge and sparing surrounding healthy tissue of the
critical structures such as the brainstem, chiasm, optic nerves and external healthy brain.
(2) the conflict between delivering therapeutic dose to tumour cells in the and sparing
healthy tissue in the [CTV]at the same spatial location, i.e., same voxel. The first trade-off
can be addressed by the spatial conformity of the dose to the target volume, however the
second trade-off can only be addressed by a fractionation of dose that can be modelled using
the[LQJmodel. The conflicting goals within the can be mathematically expressed as a
combination of an effect based quadratic underdosage objective considering tumour tissue
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(aF/BY) and an effect based overdosage objective for healthy tissue (a);/ B 7). These can be

written as:
ferv,r [S?Otal(“%/ﬁ%)} = ®(€ref(“¥/ /5%) - 51‘(0‘%/ ﬁ%))
(57,6]:(0[{,, ﬁij“) - Si(“%/ ﬁ’%))Z (HI 7)
ferv,NT [£?Otal(“,]<]T/ﬁrI<]T>] = O(ei(@ X BYT) — erer(@ir, BNT))

(Eref(“xlT/ KIT) o Si(“K{T’ :B?\IT))Z

The implementation of this objective required a considerable alteration to the handling of
dose influence structures in matRad. The evaluation of effect based objectives considering
different a7/ 7 parameters required the computation of two distinct biological effect matrices
which implied an additional biological effect calculation and gradient estimation step for
each iteration.

111.4.3 Glioblastoma patient cases

Treatment plans were generated for six patient cases. Two of whom received conventional
photon radiotherapy while four patients received a carbon ion boost treatment. The was
delineated as the observable tumour volume on T1 weighted MR-images, and the [CTV|was
generated by a 2 cm expansion of the corrected for anatomical barriers to microscopic
tumour infiltration. Two patients are highlighted in figure (1) Patient I characterized
by a large GTV (143 cc) where due to the location of the target volume, the CTV volume
outside of the GTV is moderate (256.2 cc). (2) Patient II with a smaller GTV (68.9 cc) which
does not abut critical structures except normal brain. The CTV volume outside of the GTV is
comparatively large (193.5 cc).

111.4.4 Treatment plan setup

Plans were generated using 9 equi-spaced photon (IMRT) beams and 2-3 carbon ion beams
depending on the tumour location and volume. This analysis compares a reference treatment
plan based on the CLEOPATRA glioblastoma trial protocol (Combs et al., 2010) and a simul-
taneously optimized photon—carbon ion plan. The reference plan is generated by a manual
combination of a photon (IMRT)) plan delivering 50 Gy in 25 fractions and a carbon ion plan
delivering 18 Gy in 6 fractions and the treatment plan obejctives are given in tables and
respectively.

The jointly optimized plan of 31 fractions was optimized to achieve a total biological effect
in the tumour identical to that of the combined reference plan. For biological effect based
optimization, the tumour a7 /7 was assumed to be 10 (0.5/0.05 Gy), an approximation
of the high a7 /p7 for glioblastoma presented by (Henderson et al., 2009). The a?/p" for
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(a) Patient | (b) Patient Il

Figure 111.6: The highlighted glioblastoma patient cases. (a) Patient | (b) Patient Il presents with no critical structures
in the immediate vicinity of te target structures . The structures considered are thdGTV| (===) and [CTV{ )
along with critical structures like the brainstem ( ) optic chiasm ( ), optic nerve ( ) and a synthetic dose
fall off structure ().

Table 111.4: Glioblastoma reference photon treatment planning objectives for 25 fractions

VOI Objective function «7/B7 [Gy] Dose objective [Gy] Effect objective
CTV sq. underdosing 0.5/0.05 50 30

CTvV sq. overdosing 0.5/0.05 50 30
Brainstem  sq. overdosing 0.1/0.05 48 9.41
Optic Nerve sq. overdosing 0.1/0.05 30 4.8
Chiasm sq. overdosing 0.1/0.05 48 9.41
Fall-off sq. overdosing 0.1/0.05 48 9.41
External sq. overdosing 0.1/0.05 10 1.2
External mean dose 0.1/0.05 - -

Table 111.5: Glioblastoma reference carbon ion treatment planning objectives for 6 fraction boost

VOI Objective function «a?/B7 [Gy] Dose objective [Gy] Effect objective
GTV sq. underdosing 0.5/0.05 18 11.7

GTV sq. overdosing 0.5/0.05 18 11.7
Brainstem sq. overdosing 0.1/0.05 17 411
Chiasm sq. overdosing 0.1/0.05 17 4.11
Optic Nerve sq. overdosing 0.1/0.05 15 3.38
Fall-off sq. overdosing 0.1/0.05 17 4.11
External sq. overdosing 0.1/0.05 10 1.83
External mean dose 0.1/0.05 - -

55



CHAPTER Ill. MATERIALS AND METHODS

healthy tissue was assumed to be 2 Gy (0.1/0.05). The detailed treatment plan objectives
are presented in table The plans were generated on the and directly, and no
margin expansion was considered. Naturally, the exact treatment plan and the relative dose

Table 111.6: Glioblastoma photon—carbon ion jointly optimized treatment planning objectives over 31 fractions

VOI Objective function «7/B7 [Gy] Dose objective [Gy] Effect objective
GTV sq. underdosing 0.5/0.05 68 41.46
GTV sq. overdosing 0.5/0.05 72 44.36
CTV sq. underdosing 0.5/0.05 51.46 30
CTV sq. overdosing 0.1/0.05 52 9.83
Brainstem  sq. overdosing 0.1/0.05 50 9.03
Chiasm sq. overdosing 0.1/0.05 48 8.52
Optic Nerve sq. overdosing 0.1/0.05 30 4.45
Fall-off sq. overdosing 0.1/0.05 48 8.52
External sq. overdosing 0.1/0.05 10 1.16
External mean dose 0.1/0.05 - -

contributions of each modality depend on the relative weighting of each individual objective
(table[[IL.6). In order to highlight this, an additional plan was generated that has an increased
weight of the mean dose objective sparing the external healthy brain, and a reduced weight of
the squared underdosage objective sparing the healthy tissue in the It is expected that,
this change would motivate the optimizer to utilize more carbon ions, that would reduce the
integral dose to the healthy tissue at the cost of a lower penalty within healthy tissue in the

CTVI

[11.4.5 Proton-carbon ion treatment

The results presented for combined photon—carbon ion treatments for glioblastoma arise from
a complex interplay of the physical dose characteristics and radiobiological characteristics of
the modalities used. Naturally one of the questions that would arise is the relative importance
of biological fractionation objective with respect to the effects seen from physical dosimetric
superiority of carbon ions over photons. To investigate this importance of the radiobiological
aspect of joint optimization a proton—carbon ion plan was generated. Protons, in physical
dose characteristics, are quite similar to carbon ions exhibiting a strong albeit, stretched out
Bragg peak. However, radiobiologically they are assumed to be similar to photons, with a
constant RBE| as applied in the clinic. Therefore, it can be argued that the individual dose
contributions seen in proton—carbon ion jointly optimized plans arise from a radiobiological
trade off between the two modalities. The proton- carbon ion plan was generated using the
same treatment objective presented in table and compared against a photon—carbon ion
plan.
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1.5 Impact of Local Effect Model version selection

As presented in section [[1.2.3} the LEMImodels for carbon ions have gone through a number
of iterations. The LEMII predicts a higher RBE} i.e., greater magnitude of the a¢ and B¢ pa-
rameters at non-Bragg peak regions, this implies a larger biological effect in tissue compared
to[LEMIIV for equal physical doses. The implications of the choice of LEM/model version
on joint optimization are illustrated with treatment plans generated for a glioblastoma case.
The LEMII base data used for this optimization models the machine used at the Heidelberg
Heavy Ion Therapy (HIT) facility as opposed to the LEMIIV based generic machine base
data available with matRad. The treatment plans are generated using the treatment protocol
specified in The[LEMII based jointly optimized plan is compared to the LEMIIV based
jointly optimized plan as described in section [[I1.4.4]
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“Exceptional claims demand

exceptional evidence.”

Christopher Hitchens, 1949-2011

Results

V.1 Validation

In order to qualitatively validate this implementation of joint optimization, an initial treatment
plan was generated to reproduce results presented by Unkelbach et al|(2018). Figure [V.1}
shows a simultaneously optimized photon—proton treatment plan. There are three striking
features of this plan:

1. Photon fractions (Figure[[V.1a) and proton fractions (Figure[IV.1b) deliver distinct dose
distributions.

2. The difference in fraction allocation between the two modalities results in parts of the
target volume are differently fractionated.

3. The plan cumulatively delivers a uniform biological effect in the target volume, as

shown in Figure

The four photon fractions deliver a bulk of the dose to the target volume surrounding the
cauda, whereas, the single carbon ion fraction delivers dose to the rest of the target volume. In
regions of the target volume surrounding the cauda, almost equal fraction doses are delivered
over the entire treatment suggesting uniform fractionation to protect the cauda. However,
for other regions the dose is delivered predominantly by carbon ions within one fraction,
here the optimizer is essentially selecting a hypofractionation scheme. This is in line with the
results presented by |Unkelbach et al.|(2018).
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Physical Dose [Gy] RBE x Dose [Gy] Biological Effect

(a) Photon fraction dose (b) Proton fraction dose (c) Total biological effect

Figure IV.1: Dose per fraction and cumulative biological effect of a jointly optimized plan for a spinal metastasis
case. The plan consists of (a) 4 photon fractions, (b) 1 proton fraction, and delivers (c) a uniform cumulative
biological effect. Here the target volume ( ) surrounds the cauda ( ). A dose limiting margin was considered
surrounding the cauda as a 3 mm expansion of the cauda ( ), additionally a dose fall-off region ( ) was
considered to enforce conformity of dose.

V.2 Spinal Metastasis

The result presented is a spinal metastasis patient case as described in section An
initial proof of concept study was carried out with a photon—proton plan to emulate results
previously presented in literature. Photon—carbon ion plans for the same case are presented
to lay out the fundamental outcomes of a joint optimization strategy in comparison to the
clinical status quo.

IV.2.1 Photon-carbon ion combined treatments

This section presents a qualitative and quantitative analysis of photon—carbon ion jointly
optimized plans for the same spinal metastasis case. The treatment protocol is laid out in
section |[I1.2.1} To provide a wider picture, the jointly optimized plans are compared to three

reference plans:

1. unimodal photon treatment of 5 fractions. The corresponding fraction physical dose is

shown in Figure

2. unimodal carbon ion treatment of 5 fractions. The fraction [RBE| x dose is shown in

tigure

3. A simple mixed modality treatment where four fractions of photons and one fraction
of carbon ions was independently optimized, i.e., as unimodal plans described above.
These plans were then simply combined and evaluated based on total x dose,
following clinical procedure. The cumulative EQD?2 is presented in figure
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With the backdrop of these clinical plans, two types of jointly optimized photon—carbon ion
plans are presented: (1) photons and carbon ions are intended to be delivered sequentially
in distinct fractions presented in section (2) photons and carbon ions are applied
concurrently in each fraction. The latter will henceforth be referred to as the concurrent
irradiation strategy. The results of the concurrent irradiation plan are presented in section

IV.2.1.2, A quantitative study of these plans is presented in sections|[[V.2.1.3

IV.2.1.1 Joint optimization with fixed fraction allocation

The cumulative of the photon fraction (physical dose shown in figure and
carbon ion fraction (RBEx dose shown in figure [V.2d) are given in figure The dose
"corona" seen around the target volumes in figures of the cumulative EQDR arises from the
discontinuity in the assumed a7 and 87 between healthy tissue («7/B7 = 0.1/0.05 Gy) and
tumour tissue (a7 /p7 = 0.5/0.05 Gy).

The reference plans and the jointly optimized plan achieve a comparable level of overall
target coverage, but they do so in very different ways. The three reference plans deliver a
uniform dose of 7 Gy to the target volume in each fraction. The jointly optimized photon-
carbon ion treatment, however, delivers a highly inhomogeneous fraction dose distribution
which sums up to a uniform total biological effect. Carbon ions deliver most of the dose to
the target volume in a single fraction, whereas photon dose is limited to regions surrounding
the cauda and the proximal edges of the target volume.

Figure shows the difference in cumulative between the simple combination plan
and the jointly optimized plan. The yellow colour wash illustrates regions where the simple
combination plan delivers a greater biological effect compared to the jointly optimized plans.
The large areas of the external healthy brain with the yellow colour wash show the reduc-
tion in integral dose to external healthy tissue as a result of an increased dose contribution
from carbon ions in the jointly optimized plan. Furthermore the joint optimization shows
an improvement in conformity of dose to the target volume seen by the dose differences
surrounding the target volume.

Dose to the regions of the target volume immediately adjacent to the cauda are delivered
almost uniformly across all fractions by both photons and carbon ions. This can be seen as the
white washed regions in figure which shows the difference in fraction doses delivered
by photons and carbon ions for the jointly optimized plans.

60



CHAPTER IV. RESULTS

12 12
10 10
8 8
6 6
4 4
2 2
N\
: : 0 . 0
Physical Dose [Gy] Physical Dose [Gy]
(a) Separately optimized (b) Jointly optimized
Photon fraction dose Photon fraction dose
25
20
15
10
5
0 0
RBE x Dose [Gy] RBE x Dose [Gy(RBE)]
(c) Separately optimized (d) Jointly optimized
Carbon ion fraction dose Carbon ion fraction dose
160 160
140 140
120 120
100 100
80 80
60 60
40 40
20 20
0 0

EQD2 [Gy]

(e) Separately optimized
Cumulative EQD2

EQD2 [Gy]

(f) Jointly optimized
Cumulative EQD?2

Figure 1V.2: Fraction doses for separately optimized and jointly optimized treatment of 4 fractions of photons and 1
fraction of carbon ions. (a) Photon fraction dose of the separately optimized treatment (b) Photon fraction dose
of the jointly optimized treatment (c) Carbon ion fraction [RBE| x dose of the separately optimized treatment (d)
Carbon ion fraction [RBE| x dose of the jointly optimized treatment (e) Cumulative EQD2 of the separately optimized
treatment (f) Cumulative EQD2 of the jointly optimized plan.
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“ A - ‘\ S
EQD2 [Gy] Dose [Gy]

(a) EQD2 difference (b) Difference in fraction dose
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Figure IV.3: (a) Difference in cumulative EQDPR between separately optimized plans and jointly optimized with a
fixed fractionation schedule (b) Difference between the fraction photon physical dose and carbon ion [RBEl x dose for
carbon ions for the fixed fraction joint optimization strategy
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IV.2.1.2 Concurrent Irradiation

The concurrent irradiation strategy presents a hypothetical scenario where both modalities
can be delivered within a single fraction, i.e., the time between carbon ion and photon ir-
radiations is less than 6 hours. The fraction allocated joint optimization strategy limits the
use of carbon ions, the predominant contributor to dose, to a single fraction. The concurrent
irradiation strategy in contrast facilitates an additional degree of freedom where carbon
ions can exploit their limited fractionation capabilities. The cumulative of the photon
fraction effects (physical dose shown in figure and carbon ion fraction effects (RBE] x

dose shown in figure are shown in figure The concurrent irradiation strategy
shows a better cumulative EQD2 conformity illustrated by the larger differences seen in
regions nearest to the target volume. This is especially noticeable in figure Figure
shows the difference in fraction doses of photons and carbon ions. Here photons and carbon
ions deliver the equal effective fraction doses surrounding the cauda and at the perimeter of
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RBE x Dose [Gy] EQD2 [Gy]

the target volume.

PhysicalDose [Gy]

(a) Concurrent irradiation ) Concurrent irradiation (c) Concurrent irradiation
Photon fraction dose Carbon ion fraction dose Cumulative EQD?2

EQD2[Gy] " Dose [Gy]

(d) EQD?2 difference (e) Difference in fraction doses
(Simple combination - Concurrent irradiation)  (Photon fraction - Carbon ion fraction)

Figure IV.4: Dose distributions of the concurrent irradiation strategy (a) photon fraction physical dose (b) Carbon ion
fraction [RBE] x dose (c) cumulative EQDR of the concurrent irradiation strategy. (d) Difference in cumulative [EQDP
between the simple combination plan and the concurrent irradiation strategy (e) Difference between the fraction
photon physical dose and carbon ion [RBE| x dose for carbon ions
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IV.2.1.3 Quantitative analysis

This section provides a quantitative analysis of the joint optimization strategy against the
backdrop of separately optimized reference plans. Table presents the based
treatment plan quality indicators for all plans and Figure shows the Biological Effect
Volume Histogram (EVH)) of all plans for each of the

The improved conformity of the jointly optimized strategies is reflected as a reduction in
mean in the dose fall-off region by 1.2 Gy and 2.02 Gy with the use of the fixed fraction
jointly optimized plan and the concurrent irradiation strategy, respectively, compared to the
simple combination strategy. The jointly optimized plans and the concurrent irradiation
strategy also achieve a mean reduction of 0.1 Gy and 0.18 Gy, respectively, in the
external healthy tissue (excluding the dose fall-off region).

The improved redistribution of fluence also results in a reduction of cumulative to
adjacent critical structures. The jointly optimized plan and the concurrent irradiation strategy
achieve a reduction of 0.99 Gy and 3.07 Gy in near maximum dose to 3 mm margin
around the cauda and a reduction of 1.59 Gy and 1.34 Gy in near maximum dose to the
cauda, as compared to the simple combination treatment. Naturally the unimodal carbon ion
treatment is best at reduction of integral dose in external healthy tissue, however this comes
at the cost of a higher near maximum dose to the cauda. To summarize, for a comparable
target coverage, joint optimization strategies show an improvement in sparing of adjacent
critical structures such as the cauda and external healthy tissue.

Table IV.1: EQD2 based treatment plan quality indicators comparing 5 fraction treatments: (1) unimodal photon,
(2) unimodal carbon ion, (3) simple combination of independently optimized photon—carbon ion treatments

(4) jointly optimized photon—carbon ion (with fixed fractions) and (5) jointly optimized concurrent irradiation photon—
carbon ion plans.

Unimodal Unimodal Separately  Jointly  Jointly optimized

VOI (QI) Photon  Carbonion optimized optimized Concurrent irr.
CTV Dgsg, 48.32 48.42 48.43 48.80 49.08
Cauda Dsg, 31.42 31.67 31.42 29.83 30.08
Cauda + 3mm Dsg, 61.69 63.59 61.88 60.89 58.81
Dose Fall-off Dy;eqn 9.76 6.38 9.08 7.88 7.06
External Dy,00n 0.89 0.48 0.81 0.71 0.63
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Figure IV.5: The comparing the unimodal carbon ion plan, unimodal photon plan, separately optimized
photon—carbon ion combination, jointly optimized photon—carbon ion plan with fixed fractions and jointly optimized
photon—carbon ion plan for concurrent irradiation for a spinal metastasis patient case. This is shown for the structures
(a) Cauda, (b) Cauda + 3mm margin, (c) Dose fall-off margin around the target volume, (d) External healthy tissue

and (e)CTV
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IV.3 Impact of fraction allocation

The number of treatment fractions allocated to each modality is a treatment design parameter
that is essential to the joint optimization problem definition in this study. This section presents
the consequences of fraction distributions on the overall plan quality. In a 5 fraction treatment
for a spinal metastasis patient case, the number of particle therapy fractions were varied from
0 to 5, i.e., the treatment plans vary from a unimodal photon treatment to mixed modality
treatments, finally to a unimodal particle therapy treatment. Figure shows the variation
of treatment plan quality indicators in photon—carbon ion treatments and photon—proton
treatments for the 6 fraction distribution scenarios. Apart from the dosimetric quantities,
tigure shows the variation in objective function values for the six scenarios. In general,
the mixed modality treatments are more desirable than unimodal treatments owing to the
degree of freedom associated with the redistribution of dose between the two modalities.
Figures[IV.6a) and [[V.6b|show that the variations in target coverage are small and, as expected,

the unimodal carbon ion treatment fare worse than the unimodal proton treatment due to the
sub optimal beam angle selection, increased [RBEland reduced fractionation capacity of carbon
ions. Furthermore, photon—proton combined treatments are better at sparing the cauda due to
increased fractionation effect as compared to photon—carbon ion treatments and the absence
of a fragmentation tail. For this given treatment setup, the objective function evaluation
shows that for the photon—carbon ion combined treatment the ideal fraction distribution is
one fraction of carbon ions and four fractions of photons. Whereas, for photon—proton combi-
nation the ideal fraction allocation is two fractions of protons and three fractions of photons.
This result suggests that due to the reduced fractionation effect seen with carbon ions a very
limited number of carbon ion fractions are necessary to generate the ideal photon—carbon ion
combined treatment. It is important to note that, the ideal fractionation schedule for sparing
of the cauda (2:3 fractions for photon—proton treatments and 3:2 fractions for photon—-carbon
ion treatments) does not correspond with the ideal fractionation schedule recommended by
this study.
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Figure IV.6: Comparison of treatment plan quality indicators and objective function values for 5 fraction photon—carbon
ion and 5 fraction photon—proton jointly optimized treatments varying with the number of fractions allocated to
particle therapy. [EQDPR based treatment plan quality indicators for a series of photon—carbon ion treatments (=)

and a series of photon—proton treatments (

): (a) CTV [EQDbss, (b) CTV[EQD}eqn (c) Cauda [EQDEs, (d) Cauda

[EQDlysean (e) External EQDlyean (f) variation of objective function value with fraction allocation to particle therapy.
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IV.4 Impact of LQ model parameter selection

Within the bounds of the[LQ|model, a gain in sparing of healthy tissue by way of fractionation
is only possible when the target volume is more radiosensitive, i.e., has a higher a7 /7 ratio,
than healthy tissue. In the context of joint optimization, such an assumption provides an
impetus to the optimizer to distribute dose in and around critical structures uniformly over
all available fractions.

IV.4.1 Spinal Metastasis

To see the impact of a7, B7 selection on jointly optimized plans, a hypothetical treatment
plan was generated for the spinal metastasis cases presented above. The treatment protocol
was identical to that used in the previous sections, presented in Chapter For the used
case of no fractionation gain the [LQ| model parameters for tumour and healthy tissue are
assumed to be equal, a)/B% = a7/ BYr = 0.1/0.05 Gy. Figure shows the compari-
son of photon—carbon ion jointly optimized treatments with a predicted fractionation gain
(a)/B% > al;7/Blr) and without a predicted fractionation gain (a)/ BT = a7/ Blip)-

The previously seen, joint optimization result considering a fractionation gain is shown in
figures [[V.7b| [V.7d|and [IV.7f] Figure[IV.7aland [[V.7dshow the photon fraction physical dose
and carbon ion[RBE| x dose of a jointly optimized plan where al./BY = al;+/ B There is a

39.9% increase in the RBE weighted carbon ion dose contribution to the target volume and a
corresponding decrease in photon contribution. The photon contributions are downregulated
and limited to regions that lie in the shadow of the cauda with respect to each carbon ion
beam. This suggests that the photons are used to improve the physical dose conformity in
regions of the target volume which are difficult to access with the predetermined carbon ion
beam angles.
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Figure IV.7: The fraction dose and cumulative EQDR distributions of jointly optimized plans with a fractionation gain
(at/BY > al;r/BYr) and without a predicted fractionation gain (at/B% = a;1/BY7). For the jointly optimized
plans (a) shows the photon fraction physical dose without a fractionation gain (b) shows the photon fraction physical
dose with a fractionation gain (c) shows the carbon ion fraction [RBE]l x dose without a fractionation gain (d) shows
the carbon ion fraction x dose with a fractionation gain. (e) Shows the cumulative EQDP of a jointly optimized
plan when there is no fractionation gain and (f) Shows the cumulative EQDP of a jointly optimized plan when there is
a fractionation gain.
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IV.4.2 Base of skull chordoma

A 37 fraction base of skull chordoma treatment was optimized to showcase a more practi-
cal example. For this indication, clinical assumption of LQ|model parameters is a../B% =
ol / BYr = 0.1/0.05 [Gy]. The jointly optimized plan was compared to a unimodal carbon
ion treatment of 12 fractions. The jointly optimized plan was predicted to have an almost
only carbon ion dose distribution and therefore to assess the similarity to unimodal treatment
the jointly optimized plan was compared against a unimodal carbon ion treatment of 12
fractions. Figure [[V.8aland [[V.8b|show the jointly optimized photon and carbon ion fraction
dose contributions and shows the biological effect distribution of the 12 fraction uni-
modal carbon ion treatment. Figure shows that almost all the dose to the target volume
is delivered by carbon ions, however there is a small region in the shadowed edge of the

brainstem which is irradiated by a single beam of photons. This photon contribution was
motivated by a subtle reduction in the dose to the centre of the brainstem as seen in Table[[V.2]
The effect volume histogram shown in Figure also confirms that the jointly optimized
plan is almost identical to the unimodal 12 fraction carbon ion treatment. Comparing the
objective function values, the jointly optimized treatment fares better with a lower objecitve
function value (91.16) as compared to the unimodal carbon ion treatment (98.23).

This implies that when there is no fractionation gain observed the optimizer opts to use car-
bon ions in order to utilize the sharp dose gradient and reduce the integral dose to the healthy
tissue in the external structure. The photon contribution seen at the brainstem interface is
motivated by an improvement in dose conformity to the target volume in the shadow of the
brain stem with respect to the carbon ion beams. This can be seen in figure

Table IV.2: Treatment plan quality indicators and treatment plan objectives, based on [EQDIL.8, of an isoeffective 12
fraction unimodal carbon ion plan and 37 fraction jointly optimized photon—carbon ion plan for base of skull chordoma

Treatment CTV Brainstem Brainstem ctr. Fall-off External
plan D95% DS% DS% Dmean Dmean
Only Carbon ions 65.8 52.5 414 30.1 0.54
Jointly optimized  65.8 52.7 41.3 30.06 0.55
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Figure 1V.8: fraction dose and cumulative effect difference between a 12 fraction unimodal carbon ion treatment and
37 fraction jointly optimized treatment (n? = 25,nC = 12). (a) the jointly optimized photon contribution (b) the
jointly optimized carbon ion contribution (c) cumulative biological effect of the unimodal carbon ion treatment (d)
cumulative biological effect of jointly optimized photon—carbon ion treatment (e) difference in cumulative biological
effect between the unimodal carbon ion plan and jointly optimized photon—carbon ion plan. (f) The EVH comparing a
37 fraction jointly optimized treatment (n© = 12,1n7 = 25, dashed line ====) and a 12 fraction carbon ion treatment
(solid line mm==).
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IV.5 Glioblastoma

This section presents the results of the investigation of the application of joint optimization
for infiltrative tumours, focussing on glioblastoma. The cohort for this study consists of 6
glioblastoma patient cases, of which two patient cases have been highlighted for a qualitative
insight into joint optimization. Treatment plan quality indicators for all plans are presented
in section

The specifics of the treatment planning protocol are presented in section Jointly opti-
mized plans were generated by simultaneously optimizing 25 unimodal fractions of photons
and 6 unimodal carbon ion fractions. The jointly optimized plans are compared against a
reference plan of the simple combination of separately optimized unimodal treatments. The
photon component of the reference plan delivers a uniform 2 Gy per fraction to the target
volumes and the carbon ion component delivers 3 Gy (RBE) per fraction to the Such
a boost treatment is motivated by the use of photons to protect infiltrated healthy tissue in
the through fractionation while using carbon ions to boost the dose to the Jointly
optimized plans were designed to also follow this rationale.

The jointly optimized treatments are quite sensitive to the individual objective penalty set-
tings. Such changes affect not only the overall treatment but also the contributions of each
modality. Two types of jointly optimized treatments are presented in this section: (1) where
sparing of healthy tissue in the through fractionation is prioritized (2) where sparing of
external healthy brain is prioritized with a reduced weight to sparing healthy tissue within
the This plan is henceforth referred to as jointly optimized plan #2.

IV.5.1 Patient |

For Patient I, shown in figure the target volumes abut the critical structures such as
the brainstem, chiasm and optic nerves. Figures[[V.9b|and [[V.9¢|show the fraction photon
physical dose and the carbon ion [RBElweighted dose produced by joint optimization. Carbon
ion dose is restricted to the [GTV] whereas photons deliver dose to the [CTV|and the outer
edge of the Compared to the reference plan, the joint optimization strategy down

regulates the overall carbon ion contribution. At the center of the tumour, jointly optimized
carbon ion fraction delivers nearly twice the dose as the reference carbon ion fraction. This
carbon ion contribution generally reduces when approaching the [CTV]-[GTV]interface. At
this outer rim of the most of the dose is delivered by photons. In the as with the
reference plan, almost all the dose is delivered by photons. At the interface of target volumes
and critical structures, like the brainstem, both modalities in the joint optimizations strategy
deliver equal fraction doses in order to maximally fractionate dose at this location. This can
be seen in figure which shows the difference between the photon fraction physical
dose and carbon ion fraction [RBE] x dose. The green areas signify regions where photons
deliver a larger fraction dose and the red regions indicate the same for carbon ions. The white
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regions shown in this figure are locations where both photons and carbon ions deliver equal
fraction doses.

Overall, the jointly optimized plan improves high dose conformity (5 Gy reduction in mean
dose to dose fall-off structure) and reduces cumulative the near maximum dose to the
brainstem by 10.29 Gy and to the ipsilateral optic chiasm and nerves by 6.46 Gy and 16.57 Gy
respectively. This reduction can be clearly seen in figure [V.10a| that shows the difference in
cumulative between the reference plan and the jointly optimized plan. Furthermore
the jointly optimized strategy also exhibits a more conformal high dose fall-off in the
around the The Biological Effect Volume Histogram (EVH) for Patient I are presented
in Figure

Figures [[V.9d, [[V.9 and [[V.91 show the photon fraction physical dose, carbon ion fraction
RBE| weighted dose and cumulative for jointly optimized plan #2, which focusses on
sparing of external healthy tissue. Here the carbon ion contribution is increased within the

as seen in the dose difference between the photon fractions and carbon ion fractions
in figure However the photon fractions still deliver the bulk of dose to the and
the interfaces with abutting critical structures. The increased carbon ion contribution of
jointly optimized plan #2 allows for a further improvement in external dose conformity (7.63
Gy reduction in mean dose to dose fall-off) which results in a further reduction of dose to
adjacent critical structures. Figure shows a reduction of cumulative near maximum
dose of 17.7 Gy to the brainstem , 10.57 Gy to the chiasm and 16.72 Gy to the optic nerve. It
also results in a 0.68 Gy reduction in mean dose to external healthy brain.

The highly modulated carbon ion beams of jointly optimized plans also result in highly
heterogeneous [LET] distributions within the target volumes. Figure shows the dose
averaged [LET] distributions and the [LET| weighted fraction dose for the the reference plan
and two jointly optimized plans. Figure shows that the LET| weighted carbon ion dose
is concentrated at the center of the tumour where as for the reference plan the [LET weighted
dose is maximum at the distal edge of the target volume, adjacent to the brainstem. The
external prioritized jointly optimized plan has an increased carbon ion contribution where a
large proportion of the [LETIweighted dose is delivered to the center of the [GTV]
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Figure 1V.9: Dose distributions of the reference separately optimized simple combination plan and jointly optimized
plans for Patient |. (a) Photon fraction physical dose of the reference plan (b) Photon fraction physical dose of the
jointly optimized plan (c) Photon fraction physical dose of the jointly optimized plan #2 (d) Carbon ion fraction RBE|
x dose of the reference plan (e) Carbon ion fraction RBE| x dose of the jointly optimized plan (f) Carbon ion fraction
[RBE| x dose of the jointly optimized plan #2 (g) Cumulative EQDP of the simple combination of the reference plan
(h) Cumulative EQDP of the jointly optimized plan (i) Cumulative EQDP of the jointly optimized plan #2. The VOIS
are the [GTV] (===, [CTV] (===) as target volumes, and critical structures like the brainstem ( ), optic chiasm
( ) and optic nerve (
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Figure IV.10: Comparing the cumulative distributions of the reference plan and the jointly optimized plans and
fraction dose contributions of each modality for the jointly optimized treatments for Patient | (a) The cumulative
difference between the reference plan and jointly optimized plan (b) Difference in fraction dose contribution
between photon fraction and carbon ion fraction for the jointly optimized plan (c) The cumulative EQDPR difference
between the reference plan and jointly optimized plan #2, (d) Difference in fraction dose contribution between photon
fraction and carbon ion fraction for the jointly optimized plan #2.
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Figure IV.11: Dose averaged [LET] distributions and [LET] weighted dose distributions for the reference separately
optimized simple combination plan and jointly optimized plans for Patient I. (a) Dose averaged [[ET] distribution of the
reference plan (b) Dose averaged [LET] distribution of the jointly optimized plan (c) Dose averaged [LET] distribution of
jointly optimized plan #2 (d) [LET] weighted dose distribution of the reference plan (e) LET] weighted dose distribution
of the jointly optimized plan (f) [LET] weighted dose distribution of the jointly optimized plan #2 .
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IV.5.2 Patient |l

Patient I showcases a large (143 cm?) with a relatively small[CTVlwhich is larger than
the by a factor of 2.7. Patient II shows a different scenario, one where the is
comparatively smaller (68.9 cm?®) but the [CTVlis larger than [GTVIby a factor of 3.8. There are
no abutting critical structures apart from the external healthy brain. Figure shows the
photon fraction physical dose, carbon ion fraction x dose and cumulative of the
reference and jointly optimized plan for the Patient II. For Patient I, most of the dose to the
target volumes is delivered by photons. Here due to the increase in relative [CTV] volume
the carbon ion contribution is downregulated in order to spare healthy tissue in the
The impact of this down regulation can be seen in figure which shows the difference
between the reference plan and the jointly optimized plan. The mean cumulative
to healthy tissue in the [CTVlis reduced by 4.24 Gy. Carbon ions are primarily utilized to
improve dose conformity at the distal edge of the illustrated by a 1.17 Gy reduction in
mean dose to the dose fall-off structure.

The jointly optimized plan #2 increases the carbon ion contribution in order to reduce the
mean dose to the external healthy brain. This results in a more conformal plan reflected by a
2.91 Gy reduction in mean dose to the dose fall-off structure. The effect of this can be seen in
tigure with an increased contribution of the reference plan in the external tissue.
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Figure 1V.12: Dose distribution maps of the reference separately optimized simple combination plan and jointly
optimized plan for Patient Il. (a) Photon fraction physical dose of the reference plan, (b) Photon fraction physical
dose of the jointly optimized plan, (c) Photon fraction physical dose of the jointly optimized plan #2, (d) Carbon ion
fraction [RBEl x dose of the reference plan, (e) Carbon ion fraction [RBE| x dose of the jointly optimized plan, (f)
Carbon ion fraction [RBE] x dose of the jointly optimized plan #2, (g) Cumulative EQDP of the simple combination of
the reference plan, (h) Cumulative [EQDP of the jointly optimized plan, (i) Cumulative EQDR of the jointly optimized
plan #2
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Figure IV.13: Comparing the cumulative EQDP distributions of reference plan and the jointly optimized plans and
fraction dose contributions of each modality for the jointly optimized treatments for Patient Il (a) The cumulative
difference between the reference plan and jointly optimized plan (b) Difference in fraction dose contribution
between photon fraction and carbon ion fraction for the jointly optimized plan (c) The cumulative EQDP difference
between the reference plan and jointly optimized plan #2 (d) Difference in fraction dose contribution between photon
fraction and carbon ion fraction for the jointly optimized plan #2
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IV.5.3 Dose volume statistics

Table presents based dose quality indicators for the six considered cases. The pre-
scribed dose in[EQDR differs from the prescribed dose by approximately 2%. For comparable
target coverage the jointly optimized plans exhibit a better sparing of the critical structure
at near maximum effect levels. Patient I, Patient III and Patient VI with the brainstem in
proximity to the target volumes present a mean reduction in D5% of 4.58 & 6.53 Gy. The
chiasm was adjacent to the target volume for Patient I, Patient III, Patient IV and Patient
VI and for these patients the jointly optimized plan presents a mean reduction in D5% of
7.81 = 5.46 Gy. For the ipsilateral optic nerve in Patient I, Patient IIl and Patient VI the jointly
optimized plan showed a reduction 11.12 £ 5.54 Gy in the near maximum dose. The effects
of the spatio-temporal redistribution of fluence can be seen in conformity with 1.87 +1.65 Gy
reduction in mean dose to the dose fall-off margin (used as an objective to enforce conformity)
and in the reduction of mean dose to healthy tissue in the[CTVIby 4.27 & 1.29 Gy averaged
over all patients.

The jointly optimized plan prioritizing the sparing of external healthy brain (jointly opti-
mized plan #2) generally increases the carbon ion contribution. This in turn results in a more
conformal plan that reduces dose to critical structures at the cost of a higher dose to healthy
tissue within the The improved conformity can be seen by a 2.42 4- 2.82 Gy reduction in
mean dose to the dose fall-off structure compared to the reference plan. The near maximum
dose in the brainstem is reduced by 8.45 £ 8.88 Gy, in chiasm by 10.29 + 2.57 Gy and in the
ipsilateral optic nerve by 13.64 & 6.69 Gy, for the above mentioned patient cases. The mean
dose in the healthy tissue within the however, is increased marginally by 0.17 + 0.61
Gy.

Figure shows the cumulative effect volume histograms of the reference plan, jointly
optimized plan and jointly optimized plan #2 for all six patients. Here we see that within
the jointly optimized plans it is possible to produce a spectrum of plans that, subject to the
weight of objectives, reflect varying trade-offs between the competing objectives. The CTV-NT
sparing curves in Figure may be considered particularly important as it illustrates the
gain in sparing of healthy tissue through fractionation although the underlying physical dose
results in comparable coverage of the The differences seen in these two curves arise
from assuming different[LQJmodel parameters for tumour and healthy tissue propagated
through the predicted effective carbon a®, B¢ from [LEMIIV for these two types of tissue.
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Table IV.3: [Gy] based glioblastoma treatment plan quality indicators for six patients comparing Reference plan, jointly optimized plan (JO) and the External brain
sparing prioritized jointly optimized plan (NT prior.). Also given are the volumes of the target structures: [GTVland [CTV] [cm3].

Patient I Patient 11 Patient III
Vol. GTV (CTV) [ecm?] 143.0 (399.2) 68.9 (262.5) 74.7 (250.6)
VOI Reference JO  NT prior. Reference JO  NT prior. Reference JO NT prior.
GTV Dgso, 69.03 67.71 68.78 68.93 68.19 68.98 69.20 67.96 68.88
CTV Dose, 49.73 49.05 49.58 49.55 49.28 49.74 49.94 48.95 49.55
CTV Dysean 53.30 52.42 54.82 54.26 52.09 54.46 59.28 57.96 59.95
CTV NT Dyean 59.85 53.62 59.92 57.15 52.91 56.50 64.30 58.92 63.85
Dose Fall-off Dye0n 42.55 37.54 34.92 35.16 33.98 32.25 48.14 46.21 45.96
External Dyeqn 4.37 4.37 3.69 1.64 1.72 1.58 4.82 4.77 4.46
Brainstem Dsq, 47.09 36.8 29.39 1.97 2.015 2.01 19.16 21.69 19.17
Chiasm Dso, 34.02 27.56 23.46 1.52 0.45 1.51 53.51 43.128 42.82
Ipsi. Optic nerve Dso, 40.17 23.6 23.45 - - - 50.37 39.09 32.13
Contra. Optic Nerve Dsg, 16.58 17.3 13.42 - - - 23.56 16.07 13.84
Patient IV Patient V Patient VI

Vol. GTV (CTV) [em?] 51.5 (345.6) 91.2 (332.7) 140.2 (395.3)
VOI Reference JO  NT prior. Reference JO  NT prior. Reference JO NT prior.
GTV Dgso, 69.20 67.96 69.03 69.08 67.87 68.88 69.02 69.04 69.05
CTV Dgse, 49.51 48.82 49.63 48.90 48.78 49.29 50.89 49.52 49.83
CTV Dysean 54.99 54.69 56.73 57.16 57.17 59.07 63.03 62.24 63.52
CTV NT Dyean 59.00 55.43 59.74 60.65 57.75 61.26 66.90 63.59 67.63
Dose Fall-off D;eq1 45.95 45.09 45.44 49.26 48.90 49.69 52.41 50.54 50.71
External Dyeqn 4.05 4.07 3.92 9.30 9.52 9.20 7.87 7.78 7.48
Brainstem Dso, 3.06 2.90 2.65 0.14 0.14 0.14 2491 18.92 17.26
Chiasm Dso, 18.54 17.68 11.71 6.54 6.95 6.8 47.76 34.24 34.70
Ipsi. Optic nerve D_5 1.35 1.32 1.25 8.58 9.03 6.36 41.34 35.84 35.38
Contra Optic Nerve Dso, 0.97 0.96 0.88 0.9 0.9 0.97 16.89 13.80 7.43
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Figure 1V.14: Cumulative effect volume histograms for all six patients the reference plan (solid line), jointly optimized
plan (dashed line) and the jointly optimized external healthy tissue sparing prioritized plan (dotted line). The [VOIs] are
the [GTV] (=), [CTVI =) as target volumes, and critical structures like the brainstem (
brain (

), external healthy
) and the conformity based dose fall-off margin (====). The effect to healthy tissue in the [CTV]is shown
using the [CTVINT curve ( ).
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IV.6 Glioblastoma : Proton-carbon ion treatment

The jointly optimized plans shown above result from an interplay of two fundamental driv-
ing factors. Firstly, the spatial conformity of dose to the target volume in order to achieve
adequate target coverage while minimizing the dose to healthy tissue. Secondly, the tem-
poral distribution of biological effects to spare and infiltrated healthy tissue through
fractionation. This section presents an investigation of a proton—carbon ion treatment, where
protons are presumed to be radiobiologically similar to photons considering a constant[RBEl
As protons and carbon ions have similar dose profiles and have a similar effect on physical
conformity, the jointly optimized distribution of proton and carbon ion fluence is primarily
driven by fractionation motivation. The optimizer then decides the modality to be used in
order to reduce the cumulative biological effect to[OARs|based on radiobiology.

Figures[[V.15b] [V.15d| and [V.15f show the photon physical dose, carbon ion [RBE| weighted
dose and cumulative EQD2, respectively, for a photon—carbon ion jointly optimized treatment,
as shown in section Figures [[V.15a] [V.15c and [[V.I5¢| show the proton [RBE weighted
dose, carbon ion RBEweighted dose and cumulative [EQDR, respectively, for a proton - carbon
ion jointly optimized treatment. All the biological effect to the is delivered using protons.

Carbon ions are used to deliver a greater proportion of the prescribed biological effect to
the centre of the and an inner margin of the is irradiated primarily with protons.
Here, the proton contribution is limited to a prominent margin as seen in the photon—carbon
ion jointly optimized combination. This is driven by the incentive to fractionate dose in the
The two treatments presented above are qualitatively similar even though physical
characteristics of the two modalities have been equalized. This results suggests that the
optimization is primarily driven by biological objectives and supports the hypothesis that the
fractionation objective is essential for modality selection in subregions of the target volume
which contain healthy tissue.
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Figure 1V.15: shows the fraction doses and cumulative [EQDR for a jointly optimized proton—carbon ion treatment
and a jointly optimized photon—carbon ion treatment. (a) Proton [RBEl weighted fraction dose in a jointly optimized
proton - carbon ion treatment, (c) Carbon ion [RBE] weighted fraction dose in a jointly optimized proton—carbon ion
treatment, (e) Cumulative [EQDP over a jointly optimized proton—carbon ion treatment, (b) Photon fraction physical
dose in a jointly optimized photon—carbon ion treatment, (d) Carbon ion fraction RBE| weighted dose in a jointly
optimized photon—carbon ion treatment, (f) Cumulative EQDP in a jointly optimized photon—carbon ion treatment
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V.7 Impact of Local Effect Model version selection

An essential part of the joint optimization work flow is the estimation of the biological effec-
tiveness of carbon ions. The results presented thus far were based on a®, B¢ predictions using
[LEMIIV. However, currently in clinical practice for carbon ions, LEMII is used to predict the
Compared to[LEMI1V, the[LEM/I model predicts a greater for carbon ions in the
entrance region and the fragmentation tail. This implies a larger collateral biological effect
in surrounding This section shows a jointly optimized photon—carbon ion treatment
where the [RBEl of carbon ions was estimated with [LEMII. The[LEMII based jointly optimized
plan is compared to a jointly optimized plan considering LEMITV as described in section [IL.5|
Figures[[V.16aland [V.16c show the photon fraction and carbon ion fraction contribution to
the LEMII based treatment. The carbon ion component is reduced as compared to the 1\Y
based mixed modality plan, as seen in Figures Carbon ions are only utilized at the
edges of the target volume in order to facilitate a sharp dose fall-off.

Although the physical motivation to use carbon ions is the same in both plans, the difference
in carbon ion contributions stems from the difference in radiobiological assertions of the two

[LEMl versions.
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Figure IV.16: shows the fraction doses and cumulative [EQDP for a jointly optimized photon—carbon ion treatment
considering LEMI and [LEM] IV for carbon ions. (a) Photon fraction physical dose in a jointly optimized treatment
considering LEM I, (b) Photon fraction physical dose in a jointly optimized treatment considering [LEM] IV, (c) Carbon
ion [RBE] weighted fraction dose in a jointly optimized treatment considering LEMI I, (d) Carbon ion fraction [RBEl
weighted dose in a jointly optimized treatment considering LEMI IV, (e) Cumulative EQDP over a jointly optimized
treatment considering LEMI I, (f) Cumulative EQDP in a jointly optimized treatment considering LEM] IV
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“The whole is greater than the sum of its parts.”

Aristotle, 384 - 322 BC

Discussion

This work studies a novel treatment strategy of synergistically optimized combined photon-
carbon ion treatments. Photons and carbon ions are fundamentally different in terms of
physical dose deposition characteristics and radiobiological effectiveness. Photon therapies
rely on multiple beams whose superposition deposits therapeutic dose to the target volume.
This, however, comes at the cost of delivering dose to a large volume of healthy tissue
and critical structures surrounding the target volume. Radiobiologically, photons deliver a
constant biological effect along the entire beam path, subject to the radiosensitivity of the
traversed tissue. Carbon ions on the other hand exhibit an inverted dose deposition profile
that allows for a highly conformal target dose delivery. Therefore carbon ions deliver a very
low collateral dose to distally situated healthy tissue structures. Radiobiologically, carbon
ions are much more effective than photons and exhibit a variable RBE along the beam path.
This increased effectiveness is beneficial in treating the however, it is disadvantageous
when considering the dose delivered to healthy tissue. Therefore combined treatments must
take into account such fundamental characteristics of the two modalities. In current clinical
trials and practice of combined treatments, photon fractions and carbon ion fractions are
independently optimized and combined based on the RBEl weighted dose. Also the temporal
administration of dose is explicitly predefined by the fractionation schedule and is uniform
for the entire target volume.

In a real-world treatment planning scenario, there are rare situations where a discrete decision
for a single modality means the ideal solution for the patient. The optimization problems
are highly complex with multiple conflicting objectives where an ideal solution may be a
non-binary combination of spatial confinement and non-standard fractionation of dose using
multiple modalities. The joint optimization framework presented in this thesis provides a
method to arrive at such a solution.

An initial proof of concept is presented by the jointly optimized treatment of spinal
metastasis with epidural involvement in section Furthermore a brief investigation
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was made into the implication of treatment parameter selection, specifically with regard to
fraction allocation (section and choice of intrinsic a7, 87 parameters (section [V.4.T).
Further, indications with heavily infiltrative tumours were found to be particularly suitable
for the developed joint optimization technique and was demonstrated for glioblastoma in
section[TV.5] Here the large[CTV]volume consists of a mixture of healthy tissue and tumour
tissue and would benefit from a fractionated irradiation scheme. Objective functions for this
mixed tissue region were defined as a composite of a tumour underdosage objective and an
overdosage objective for healthy tissue. The validity and importance of such a biological
objective is highlighted with a proton - carbon ion treatment of a glioblastoma presented in
section

The selection of [RBE] estimation model for carbon ions is another fundamental decision
required for joint optimization. In this work, The primary focus is placed on the LEMIIV as it
is a better fit to in vitro cell survival data as compared to[LEM/I. In order to investigate the
implications of RBE/model selection, jointly optimized plans were generated and compared
in section for both carbon ion RBE models, LEMIT and [LEMITV.

V.1 Validation of the joint optimization framework

The joint optimization implementation was validated through optimization of a photon-
proton combination and compared against results from literature (Unkelbach et al., 2018).
The jointly optimized treatment plan for the respective spinal metastasis patient case, pre-
sented in section shows inhomogeneous unequal fraction dose contributions of each
modality within the target volume that cumulatively deliver the prescribed biological effect.
The result of this optimization shows that protons are best exploited by delivering higher
doses per fraction than photons to parts of the tumour where hypofractionation is desirable,
while delivering comparable doses per fraction to dose-limiting normal tissues in the vicinity
of the target volume, hence successfully reproducing the results presented in literature.

The results presented in this thesis are optimized on the cumulative biological effect. As op-
posed to the cumulative approach presented in literature, the biological effect translation
provides a convenient formulation to apply variable RBElmodels of carbon ions within the
joint optimization framework. It also necessitates the translation of prescribed dose objectives
to biological effect based treatment objectives. Furthermore, the novel preconditioning strat-
egy described in this implementation reduces the number of iterations required to converge
to an optimal jointly optimized plan.
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V.2 Proof of concept: Spinal metastasis

The first application of the novel jointly optimized photon—carbon ion treatment strategy is
presented for the same spinal metastasis patient case as in section

Compared to unimodal fractions delivering uniform doses, the joint optimization strategy
possesses the ability to redistribute fluence between the two modalities. This means that
subregions of the target volume are irradiated by the modality that delivers a lower effect
to which is generally carbon ions. Carbon ions are superior to photons in terms of
reduction of the integral dose to healthy tissue and in terms of dose conformity, however, they
also deliver a higher RBEl weighted dose to the abutting critical structures like the cauda. This
can be seen by comparing the unimodal photon plan (figure to the unimodal carbon ion
plan (figure [V:2d). Even though the carbon ion plan has superior dose conformity compared
to the photon plan, it delivers an excess of 0.24 Gy in near maximum [EQDR to the cauda and
1.9 Gy in near maximum to the 3 mm margin around the cauda. This overdosage of
the cauda is a result of two factors: the increased [RBE| of carbon ions and the carbon ion beam
orientations selected for this treatment. In such regions it would be beneficial to utilize the
less effective photons to deliver the required biological effect. The simple combination of
separately optimized photon—carbon ion treatments implicitly achieves this goal to a reduced
extent, however such a treatment planning method does not consider the cumulative effect
in

The joint optimization with fixed fraction allocation strategy uses a combination of photons
and carbon ions in regions surrounding the cauda in order to (1) reduce the fraction RBE|
weighted dose and (2) uniformly distribute the dose over all fractions. The weighted
dose to is managed by a reduction in carbon ion contribution to the target volume
adjacent to the critical structures and an increase in the photon contribution to make up the
lacking dose in the target. Apart from the physical redistribution of fluence, another degree of
freedom of the joint optimization strategy manifests in the redistribution of biological effects
between fractions. Due to the difference in assumed a7 and B7 between healthy tissue and
tumour tissue there is a predicted improvement in sparing of healthy tissue with fractionation.
In the jointly optimized plan with unimodal fractions, large areas of the target volume receive
most of the prescribed biological effect within the single carbon fraction. However, for regions
surrounding the cauda, the biological effect is almost uniformly distributed between photon
and carbon ion fractions, corresponding to, hyperfractionation of dose within the bounds of
available fractions.

The joint optimization strategy could also be used to investigate the hypothetical setup of
concurrent irradiation. In the concurrent irradiation strategy both modalities are delivered in
every fraction. This allows for greater freedom to the carbon ion fractions to utilize its limited
fractionation capabilities. The comparison of the presented joint optimization strategies, i.e.,
tixed fraction combined treatments and concurrent irradiation, yields novel insights into the
ideal combination of photons and carbon ions. Even with a single carbon ion fraction in the
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tixed fraction treatment, the optimized result chooses to utilize a greater proportion of carbon
ions to deliver dose to the target volume in order to reduce integral dose to healthy tissue as
seen in figure The impact of this is most evident at the distal edge of the target volume
in figure Photons are utilized around the cauda to distribute effect between fractions.
Even though the concurrent irradiation setup allows the use of carbon ions in all fractions,
photons are still used in the target volume surrounding the cauda. This implies a preferential
use of low [RBE| radiation in regions adjacent to critical structures.

In summary, joint optimization is able to exploit the many factors that affect the fraction
biological effect contribution of each modality to sub-volumes of the target. Firstly, the
physical conformity of biological effect to the target volume. Here carbon ions are desirable
as they are superior to photons in reducing the integral dose to healthy tissue and critical
structures. Secondly, the temporal distribution of biological effects when there is a predicted
fractionation benefit. This can also be interpreted as the fractional contribution of “fraction”
biological effects by each modality to the total biological effect. For the spinal case, most of
the target volume is irradiated by carbon ions within one fraction, here the subvolumes are
hypo fractionated, this implies a disparity in the fraction biological effects between the two
modalities. At the interface with critical structures or healthy tissue, it is more beneficial to
uniformly distribute the biological effects across all fractions.

For a fixed fraction jointly optimized treatment, physical conformity and fractionation are
opposing ideals. As physical conformity generally motivates an upregulation of carbon
ions, fractionation motivation incentivises the use of photons for a uniform fraction effect
distribution over all fractions. A jointly optimized plan that utilizes this spatial and temporal
redistribution of fluence is almost always more conformal than unimodal treatments and
simple combination treatments.

Naturally, such a model-based approach critically depends on the underlying models of
biological mechanisms. In the case of biological effect based joint optimization this concerns
foremost the prediction for carbon ions and the model for the accumulation of
biological effect over multiple fractions.

The LQ model is the dominant model in radiotherapy that relates dose to cell kill and is
currently the best approximation for the cumulative effects of a multitude of underlying
biological processes. It is a simple formulation that works under the assumption that clinical
endpoints of tumour control and normal tissue response are driven by a biological effect in
tissue, i.e. cell kill. In this study, the [LQ] model is used for biological effect accumulation
over the entire treatment. Hence concerns regarding the validity of the [LQmodel are one
fundamental source of uncertainty. There is evidence that suggests a low dose hypersen-
sitivity (< 0.5 Gy) presented by Joiner et al.|(2001) and a linearization of the curve at high
dose ranges ( > 7 Gy) presented by |Astrahan|(2008). Such corrections to the [LQ model were
not considered in this implementation of joint optimization. The accumulation of biological
effects over as wide a range of fraction doses as that seen for joint optimization has not
been thoroughly studied in literature. Although this dose limit for biological certainty is
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not violated in conventional radiotherapy treatments, they might be significant for jointly
optimized treatments. In practice optimization could be constrained to the valid domain of
the biological model. In principle, future modifications to the biological effect computation
could also be incorporated without invalidating the presented framework.

With regards to carbon ion therapy, the current strategy translates knowledge gained with
photon treatments in order to apply it to charged ion therapies. There are several sources of
uncertainties in the estimation of [RBE| values for carbon ion therapies which can be broadly
classified into four categories (Bohlen et al., 2012):

1. Uncertainty in experimental data from cell survival and tissue response studies that are
used to validate RBElmodels. Here the uncertainty arises from experiment design and
statistical variance in experiments used to establish [RBE values.

2. Uncertainty within the biophysical model itself that may stem from uncertainties in the
input parameters given to the model or from fitting procedures to experimental data
and radiobiological models.

3. Uncertainty from inter-tumour and inter-patient variability of tissue and tumour mi-
croenvironments. This includes differences in in vitro and in vivo data used for model
verification.

4. Physical uncertainties in treatment such as the fragment fluence composition of the
radiation fields.

The uncertainties in the a7 /" affect both the biological effect accumulation stage and the
[RBE] estimation stage of a joint optimization strategy and may alter not only the delivered
physical dose but also individual dose distributions of each modality. A first impression of
the impact of uncertainties in a7 /" for jointly optimized treatments is presented in section

V4

V.3 Impact of fraction allocation

The concurrent irradiation strategy presented earlier is an “extreme” case where uniform
fractionation is enforced for each modality over the 5 fractions. Such a treatment would
only be possible in institutions that have both modalities of treatment, and even so would
be logistically challenging to deliver within the one fraction. In terms of the current clinical
practice of fixed fraction allocation, it is essential to estimate the ideal fraction distribution for
photons and carbon ions that may optimally utilize both modalities. Section presents
results for the jointly optimized photon—proton combined treatments and photon—carbon
ion combined treatment generated with a range of fraction allocation schemes for the spinal
metastasis patient case presented earlier.

The results for an optimal fraction allocation for photon—carbon ion treatments are presented
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with the background of optimal fraction allocations for photon—proton treatments. As
expected, for a comparable target coverage, photon—carbon ion treatments over all fare worse
at sparing of the cauda and are marginally better at reducing mean dose to the external
healthy tissue, when compared to the photon—proton treatments. The fractionation study also
suggests the optimal fraction allocations for jointly optimized treatments. For the evaluated
case, the analysis suggest a combined treatment of 3:2 fractions to be the ideal combination for
a photon—proton combined treatment, whereas for a photon—carbon ion treatment the ideal
fraction ratio is predicted to be 4:1. This result suggests that due to the reduced fractionation
effect, it may be beneficial to have a single fraction of carbon ions. Such a result challenges the
current paradigm of fractionation for carbon ion treatments. The increased and reduced
fractionation capacity of carbon ions motivate a hypofractionated treatment schedule where
fewer or one fraction would suffice.

The optimal jointly optimized treatment depends on many treatment decisions. Ideally the
unimodal proton treatment is expected to be superior to the jointly optimized treatments as
it exhibits superior dose deposition characteristics and similar radiobiological effectiveness
compared to photons. However the unimodal proton treatment, presented in figure
is estimated to be worse than the jointly optimized treatments. This tendency is due to
suboptimal beam angle selection. The three posterior beam angles selected for this study
can only deliver dose to the anterior region of the target volume by passing through the
cauda. Therefore a Volumetric Arc Radiotherapy (VMAT) solution could be potentially better
than particle therapy modalities with poor beam angle selection. In such situations the
joint optimization strategy chooses “a path of least resistance” when selecting modalities to
irradiate the difficult subvolumes, hence utilizing the additional degree of freedom interms
of physical redistribution of dose.

In this study, the number of fractions for reference plans and jointly optimized photon—carbon
ion plans was fixed and defined as unimodal fractions; possible trade-offs emerging from
altered fractionation schemes were not exploited. In principle, however, the number of
carbon ion fractions could be used as an additional degree of freedom in order to optimize
the allocation of scarce carbon ion resources over multiple patients. The problem of optimal
fraction allocation for combined treatments must be addressed in future research for photon-
carbon ion treatments. Such an approach is shown by [Ien Eikelder et al.|(2019) for a photon-
proton jointly optimized treatment assuming a constant[RBE for protons.
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V.4 Impact of LQ model parameter selection

The differential a/p ratios and their interfaces between tissue play an important role in
driving joint optimization. As in the clinic, the viability of fractionation is dependent on
a differential « /B ratio. Photons would be utilized as long as the a/f ratio of the target
volume is larger than that of healthy tissue, therefore exploiting the possible gain in sparing
healthy tissue with fractionation. In other cases carbon ions would be primarily used due
to the more favourable physical dose characteristics and photons would only be utilized
in cases of limitations in particle therapy delivery, e.g., for a fixed beamline (Fabiano et al.,
2020b). With regards to implementation, the distribution of «/  ratios for different[VOIs|are
tabulated as a spatial map used for carbon ion [RBE estimation and photon effect calculation.
Such an implementation leaves room for future considerations of spatial distributions of
radiosensitivity parameters based on data from biopsies or imaging (Hawkins, 2017).

To maintain continuity, the implications of an assumed fractionation gain is presented using
a photon—carbon ion treatment for the spinal metasatasis patient, described in section
Assuming a fractionation gain, the joint optimization has two competing factors: (1) conformity
of biological effect to the target volume improved with the use of carbon ions and (2) sparing
of the cauda and surrounding healthy tissue through fractionation using photons. Compared
to a jointly optimized treatment assuming a fractionation gain (x)./ 8% > a7/ B ), the joint
optimization without a fractionation gain (aJ./ B = a);7/Bl7) has an increased carbon ion
contribution. Also the buffer of photon dose seen around the cauda and at the posterior edge
of the target volume are absent. This is because the only driving factor in this optimization is
the physical conformity of biological effect, which is better achieved using carbon ions.
Furthermore, a clinical example is presented with the base of skull chordoma patient case in
section where the fractionation benefit is absent. Here again the physical conformity of
biological effect to the target volume is the primary goal and almost all the prescribed dose
to the target volume is delivered using carbon ion fractions. However this is also subject
to carbon ion beam angles selected for treatment. In an ideal case, with optimal carbon ion
beam angles and no fractionation gain, the jointly optimized plan will be an only carbon ion
treatment. Evidence of this is seen in the comparison of the jointly optimized plan (n7 = 25
and n¢ = 12) to a unimodal carbon ion treatment of n“ = 12. The treatment plan quality
indicators are almost identical. The use of a single photon beam for the jointly optimized
treatment shown in figure is due to suboptimal irradiation of the target subvolume
that is anterior and adjacent to the brainstem. This improvement although small in terms of
clinical parameters is seen with the reduction in the cumulative objective function value.
Such a result suggests that joint optimization strategies can improve on treatment plans with
suboptimal beam angles and the photon contributions seen are indicators of regions that are
suboptimally irradiated by carbon ions.

The variability of a7, B7 parameters is one of the main sources of uncertainty in jointly opti-
mized treatments. model parameters published in literature exhibit large variances due
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to clinical and methodological inconsistencies in parameter estimation (Joiner and van der
Kogel, 2009; van Leeuwen et al., 2018)). Despite this heterogeneity some tendencies could be
identified. In the context of joint optimization the uncertainty in [LQ] model parameters is
propagated to the treatment plan through [LQ|model based accumulation of biological effects.
Another issue to note is that a?, B7 are also input parameters to[LEM/models and hence also
affect the predicted [RBE| of carbon ions. A possible solution to mitigate this uncertainty is the
optimization of combined treatments over a range of plausible «/ values in order to better
visualize the expected variability in biological effect and, by extension, in predicted tumour
response.

V.5 Mixed modality treatments for infiltrative disease:
Glioblastoma

The application of the joint optimization strategy for infiltrative diseases is illustrated using a
cohort of 6 glioblastoma patient cases. Here the is defined as a 2 cm anisotropic margin,
limited by anatomical barriers, which contains a mixture of healthy tissue and microscopic
tumour infiltrations. The increased [RBE|and the reduced fractionation effect of carbon ions
is sometimes considered an advantage over photons in treating the However, for the
same reasons, carbon ions face limitations for treating such infiltrative tumours, where a
large part of the target volume represents rather than containing normal tissue
that can only be protected through fractionation rather than dose conformity. This issue
is generally acknowledged in carbon ion therapy and is reflected in clinical practice such
as the CLEOPATRA glioblastoma trial combining photon fractions to treat the[CTV|with a
carbon ion boost to the (Combs et al., 2010). Currently, photon and carbon fractions are
manually designed and separately optimized. By simultaneously optimizing both modalities,
the combination that optimally takes advantage of the characteristics of each modality is
determined.

There are two tradeoffs that must be realized for the optimal combination of photons and
carbon ions: (1) a conflict between irradiating the target volume and sparing the surrounding
healthy tissue in the external brain, brainstem, optic chiasm and optic nerves (2) a conflict
between irradiating the tumour tissue in the and the infiltrated healthy tissue at the
same location.

In this treatment planning study, joint optimization results in a redistribution of the photon
and carbon ion contributions within the overall treatment plan. The quality and extent of
the reorganization depend on manifold factors, such as the volume of the and
(and their volumes relative to each other), locations of adjacent critical structures, the choice
of radiobiological parameters «, 8, and the number of fractions. For Patient I with a large
tumour volume with abutting critical structures (brainstem and chiasm), there is an observed
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increase in carbon ion contribution to the core of the tumour when compared to the reference
plan. Consequently, there is a pronounced buffer of photon dose at the edge of the
and adjacent to the critical structures in order to spare and healthy tissue within the
[CTVlby fractionation. Here, the volume was larger than the by a factor of 1.8. For
Patient II with a smaller and isolated tumour, the carbon contribution was comparatively
down regulated by joint optimization. This reduction in the carbon contribution is attributed
to the size of the boost volume relative to the spared [CTV] (larger than the[GTV|by a factor
of 2.8), the extent of the entrance channel and exit channel of the carbon ion beams and the
effect fall-off from the carbon ion Bragg peak. This trade-off in turn lends itself very well to
the treatment of large target volumes with typically more hypoxic cells at the centre of the
tumour, which would be targeted by an increased carbon ion contribution.

The jointly optimized plan also exhibits better dose conformity in two aspects: 1) dose confor-
mity around the as seen in dose characteristics of margin structure; 2) the dose
conformity of the boost dose to the Compared to reference plans for the patient cohort,
the variations in mean dose to the external healthy tissue for the jointly optimized plan can be
explained by a tradeoff between the mean dose objective sparing external healthy tissue and
the overdosage objective for critical structures like the brainstem. This additional degree of
freedom of joint optimization can be facilitated to articulate additional trade-offs, for example,
sparing of healthy tissue in versus sparing external healthy brain. The jointly optimized
plan #2, the external healthy tissue prioritized plan, represents the other end of the spectrum,
where the altered weights of the objectives result in not only a new overall treatment with
lower external healthy tissue mean dose, but also in a different ratio of contributions of each
modality. The increased carbon ion contribution results in a more conformal plan that in turn
reduces the overall dose to adjacent critical structures and the external healthy brain. This
flexibility of jointly optimized plans might make it possible to meet some conventionally
infeasible clinical treatment planning demands.

The modulation of carbon ion physical dose by the joint optimization also implies a modu-
lation of the[LETl The[LETlis a fundamental concept in [LEM|based [RBE] estimation and is
implicitly included in the depth dependant a*, 3¢ predictions. Conventional effect based
carbon ion optimization prioritizes target coverage over the conformity of [LET distributions
to target structures. This is visible in figure where a high [LET| weighted dose region is
situated at the distal edge of the carbon ion beam at the interface with the brainstem. Jointly
optimized plans, on the other hand, limit the LETI weighted dose to the center of the [GTV]
where it is a desirable trait. The [LET| distributions presented in this thesis result from a dose
weighted average of precomputed beam specific[LET|look up tables and provide a good basis
for a first analysis. Future studies in jointly optimized treatments would benefit from a more
accurate Monte Carlo based investigation of the [LET| distribution.

In this study the benefit of jointly optimized plans are presented as a reduction in cumula-
tive biological effect to However the translation of such biological effects to normal
tissue complications in patients is unclear. Thus a realistic evaluation of the benefits of
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combined treatment in patients is challenging. Furthermore, the underlying concept of
spatio-temporal optimization also demands a re-evaluation of healthy tissue tolerances with
respect to fractionation. The current knowledge on the relationship between dose per fraction
and biological effect is based on data from standard fractionation schemes and sparse data
from radiosurgery/dose escalation studies. It does not span the entire dose-effect curve
and the effects and mechanisms are not fully understood for very small doses (<1 Gy) or
very large doses (>16 Gy) and must be investigated further (Grellier and Belkacemi, 2020;
Kirkpatrick et al., 2011} 2008).

In the spatio-temporal optimization of photon—carbon ion treatments large variations in
temporal biological effect distributions are seen (hyperfractionation versus hypofractiona-
tion). Also in the combination of photons and carbon ions the spatial distribution of fraction
biological effects are heterogeneous as carbon ions may deliver larger effective doses to
smaller regions of critical structures as compared to photons. Therefore conventional mean
dose normal tissue tolerances used for photon treatments may not be directly transferable to
carbon ion treatments. Hoffmann and Nahum|(2013) propose an approach to include the frac-
tionation sensitivity of normal tissues into dose tolerances for varying fractionation schedules
and Perk¢ et al.|(2018) propose an approach for the inclusion of spatial dose distributions to
normal tissue mean dose tolerances.

V.6 Fractionation objective for infiltrative diseases

In radiotherapy treatment planning, the fractionation scheme is conventionally decided by
the radiation oncologist based on empirical knowledge of specific fractionation schedules.
For unimodal treatments this decision is based on the relative difference of radiosensitivity
parameters between tumour tissue and healthy tissue. The fractionation schedule is thus
an inherent part of treatment plan design. Joint optimization allows for a spatio-temporal
redistribution of biological effect, i.e., central subvolumes of the target volume are hypofrac-
tionated, whereas subvolumes with adjacent healthy tissue are hyperfractionated. However,
for target volumes infiltrated by tumour tissue, the ideal treatment would require a maxi-
mally fractionated delivery of the prescribed biological effect. As presented in section [[I1.4.4}
this challenge was solved through explicit definition of conflicting treatment objectives that
independently consider the biological effect delivered to tumour tissue and healthy tissue,
located at the same voxel location. For a photon—carbon ion treatment in such a voxel, the
individual contribution of each modality to the required uniform fractionation schedule now
depends on the location of the voxel within the carbon ion beam as seen in section [[IL.1}]
Considering the LEMIIV model for carbon ions, for a voxel located at the Bragg peak the
ideal fractionated treatment consists of an only photon treatment due to a complete lack of
fractionation capacity of carbon ions here. For voxels located at the entrance channel and at
the fragmentation tail, the ideal combination utilizes both photons and carbon ions. Natu-
rally the ideal combination of photons and carbon ions also depends on the RBE| prediction
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model used. Such considerations greatly complicate the interpretability of jointly optimized
photon—carbon ion treatments.

The proton—carbon ion treatment plan presented in section illustrates the importance
of such a fractionation objective against the motivation of spatial conformity. In terms of
physical dose deposition characteristics protons are similar to carbon ions, in that they are
similar in reducing the integral dose to healthy tissue. However, radiobiologically protons
are assumed to be comparable to photons and have a uniform [RBE| over the entire beam path.
Therefore such a proton—carbon ion jointly optimized plan would be driven primarily by the
biological objectives of fractionation for the and adjacent critical structures rather than
the physical conformity objectives. As observed in the results, the proton—carbon ion plan is
qualitatively similar to the photon—carbon ion plan. Both plans utilize lower [RBE|radiation,
that have a fractionation potential, within the[CTV]and at interface of the target volume and
healthy tissue.

This study assumes a uniform distribution of healthy tissue and tumour tissue within the
The ratio between the cell density of tumour and healthy tissue is codified by the
penalties of the underdosage objective and overdosage objective within the [CTV] However,
tumour cells can be found several centimetres away from the palpable tumour and is charac-
terised by a continuous gradient in tumour cell density (Kelly et al.,[1987; Matsukado et al.,
1961;|Watanabe et al,1992). There have been various publications in literature that model
tumour progression for glioblastoma (Menze et al., 2021 Unkelbach et al., 2014a}b; Wurzel
et al, 2005). Such predictions could be potentially used to define an objective weight map
that reflects the real tumour cell density distribution and hence motivate a larger contribution
of carbon ions at the interface.

V.7 Impact of Local Effect Model version selection

Another fundamental issue when considering carbon ion radiotherapy is the choice of
RBE] estimation model. The two primary models used in carbon ion therapy clinics are
the I and This study employs an updated version, IV version, of the
clinically used [LEMII model. [LEMIIV allows for better modelling of invitro cell survival
data (Friedrich et al/ 2012; [Scholz and Kraft, [1996) and, compared to [LEMI I, predicts a
lower in the build-up and tail region of the beam (Gillmann et al 2014; Griin et al.,
2012). This does not argue against the clinical use of LEMII as a conservative RBE/model for
planning single-modality carbon treatments. However these differences have a much more
substantial effect in individual contributions of each modality in a jointly optimized treatment.
Paradigmatically, the difference in the predicted a, B¢ parameters of carbon ions implies a
difference in fractionation effect observed for the build-up and tail region of the carbon ion
beam. This difference can be seen in the result presented in section [IV.7, which compares two
photon—carbon ion jointly optimized plans, considering the two [LEMlversions. The LEMITV
plan is identical to that presented in section [LEMII predicts a lower fractionation effect
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with carbon ions, hence it disadvantages carbon ions and consequently increases the photon
component. For this result, the reader must bear in mind that the glioblastoma patient case
was optimized with different machine datasets, which are reflected in differences in spot
placement grid and physical beam characteristics.

In summary, although the concept of fractionation with carbon ions is not as great a concern
in clinical practice, the underlying models for carbon ion [RBE estimation play a big role in
the actual physical dose distributions of each modality in a optimal combined treatment. This
implementation of joint optimization depends on the [LQ model parameters estimated by the
carbon ion [RBEl model.

Recent exploration of the various models suggest that[LEMI/I and LEMIIV preformed best
at high [LET] conditions but yielded an overestimation and underestimation at low-midrange
[LET] conditions. A modified on the other hand, exhibited superior agreement with in
vitro and in vivo measurements. However the presented results suggest a large variability
in (£20%-30%) (Mein et al,, 2020). Future trials and studies must focus on updation
and verification of RBEImodels for carbon ions with larger patient cohorts. Meanwhile, joint
optimization research should investigate the possible implications of models such as the
modified MKM]|on combined treatments.

V.8 Physical uncertainty

Combined photon—carbon ion treatments face similar concerns as particle therapy modalities
regarding uncertainties. Highly modulated carbon ion beams are susceptible to the effect of
range and setup errors in the treatment workflow. The increased heterogeneity of dose/effect
distributions from carbon ion beams achieved with joint optimization may raise greater
concerns with regard to treatment plan robustness. In principle, Fabiano et al. (2020b) have
demonstrated that this issue can be addressed with stochastic joint optimization for photon-
proton treatments. Technically, this approach can be easily translated to photon—carbon ion
treatments. For carbon ions, however, modifications of the [LET] distributions and effect of
uncertainty should also be taken into account. [LET] distributions for Patient I are presented
in figure Joint optimization modulates carbon ion beams to place high [LET regions
away from and towards the centre of the which reduces the maximum variance
of biological effect in adjacent critical structures. This, however, does not discount the need
for robust optimization to maintain uniform biological effect in the target volumes over the

course of treatment.
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V.9 Outlook

To the authors knowledge, this is the first systematic study into jointly optimized photon-
carbon ion treatments. The previous section presented a discussion of the methodology
and results of this study which suggest a potential benefit to future patients. This study
was limited to intracranial indications where the issues of inter-fraction and intra-fraction
motion are minimal. With a robust solution other challenging indications, particularly with a
fractionation gain, such saccral chordomas with overlapping with the target volume
(Unkelbach et al., [2018), non-small cell lung cancer (Klement et al., 2020) and malignant
gliomas (Laperriere et al.,2002). Such a planning strategy would also benefit particle boost
treatments such as those for adenoid cystic carcinomas (Akbaba et al., 2019a; Jensen et al.,
2015; |Lang et al., 2018; |Schulz-Ertner et al., 2003) and perineal particle boost treatments for
localized prostatic carcinoma (Johansson et al., 2012; Shipley et al.,|[1979). Translating such
treatments into clinical practice, however, requires more rigorous methods to reduce the
currently observed biological and physical uncertainty.

The robust optimization of jointly optimized treatments is challenging due the effects and
interplay of random and systematic uncertainties in treatment. A stochastic optimization
based robust solution would involve the simultaneous optimization of multiple uncertainty
scenarios for the two modalities. Such an approach is computationally intensive and would
involve the generation of multiple dose influence matrices for each modality and scenario.
One approach to efficiently optimize such a treatment would be to consider a[PTVImargin
for photons and a scenario based optimization approach for carbon ions.

V.9.1 Biological models

The clinical application of a jointly optimized treatment requires dose-response models
with greater resolution within the back drop of different fractionation schedules and mixed
radiation treatment fields. Most “high” resolution dose-effect models are based on in vitro
data, whereas, most in vivo dose-effect models are only explored for standard fractionation
schemes and sparse data in animal models for photons (Joiner and van der Kogel, 2009).
Future studies should endeavour to (1) establish a dose-biological effect relation with respect
to clinical endpoints for a range of a/p parameters (2) establish a dose—effect model that
verifies the cumulation of biological effects over different homogeneous and heterogeneous
fractionation schedules and (3) to model the cumulative effects of mixed radiation fields.
This implementation of biological optimization of combined treatments only considers the
cell kill component of the model for biological effect accumulation. As presented in
section there are several possible extensions to the LQ model that include tumour
repopulation and oxygen enhancement ratio.

In the context of photon treatments, the oxygenation of the tumour plays an important
role in treatment outcome. Carbon ion treatments, on the other hand, are considered to be
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more insensitive to oxygenation of the tumour and hence are ideal for treating large hypoxic
tumours (Harting et al., 2007; Joiner and van der Kogel, 2009). Therefore, a more accurate
model of biological effects of the photon fractions include the as

e’ = n"(a” OER x d + B7(OER x d)?) (V.1)

Such an implementation would potentially disadvantage photons and provide a motivation
to utilize a greater proportion of carbon ions within the of hypoxic tumours.

The model of cumulative biological effects have no time-dependent component, i.e. the
cumulative biological effect does not depend on the order of photon and particle fractions. A
practical approach to the ordering of fractions may be to evenly distribute carbon fractions
throughout the treatment. In the glioblastoma example, this would amount to delivering
one carbon and four proton fractions per week. Thereby, a fixed percentage of the total
effect is delivered over the course of each week. In the next step of theoretical investigation,
modelling of tumour repopulation would allow for optimization of the sequence of radiation
fraction administration. Tumour repopulation with a constant exponential growth rate can
be expressed within the LQ model as

e =n"e" 4+ nCe" —log,2(T — Ty) /Ty (V.2)

where n fractions of d Gy are delivered over a time of T days and repopulation with a cell
doubling time of T} is not initiated until day Ty (Fowler, 2010; Joiner and van der Kogel,
2009). Bortfeld et al.| (2015) present an approach to optimize fractionation schedules in the
presence of tumour repopulation. Key findings of this paper suggest that faster tumour
growth motivates a shorter overall treatment duration. Furthermore accelerated repopulation
suggests larger fraction doses later in the treatment to account for tumour proliferation
and increased radioresistance. In the context of combined treatments, this would imply a
theoretical benefit in delivering carbon ion fractions after photons fractions.

Such extensions of the[LQ/model are not commonly used in radiotherapy as the availability
of data on the input parameters are either insufficient or show a large variability.

A theoretical alternative to the use of the[LQmodel to estimate a cumulative treatment efficacy
would be the use of [TCP and models (Nahum and Uzan, 2012; Nuraini and Widital,
2019). [MCPl and [NTCD] are statistical dose-response models that are defined for specific
clinical endpoints ideally collated from large patient cohorts. However, particle therapy is a
relatively young field, the use of such models would be premature due to insufficient survival
and treatment follow up studies.
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V.9.2 Extension to other particle therapy modalities

Among the particle therapy modalities investigated in the past, protons and carbon ions have
obtained wider acceptance in the radiotherapy field. There has been a recent resurgence in
interest in Helium ions as its physical and radiobiological characteristics placing it between
protons and carbon ions. In terms of a differential biological effect in tumour tissue and
healthy tissue, helium ions are predicted to be more desirable than carbon ions and less
than protons (Griin et al., 2015). This implies a potential benefit from fractionation with
Helium ions, more than that for carbon ions, and an improvement in conformity over protons.
Therefore helium ions would also be a suitable candidate for photon—particle combined
therapies. Helium ion radiation treatments are purely experimental and there are no studies
that present wider in vivo biological effect estimates. Given the similarity in joint optimization
results between protons and carbon ions, helium ions would probably not exhibit greater
gains in combined treatments.

The modularity of the joint optimization implementation in matRad allows for the future
inclusion and investigation of any combination of radiation modalities within the context
of LQJmodel. The inclusion of new modalities can be simply done with the compilation of
a base data set which would contain beam geometry and quality information and energy
specific effective «, B curves based on an[RBE] estimation model (LEM] or MKM).

V.9.3 Cost effectiveness of mixed modality treatments

The joint optimization strategy facilitates the determination of optimal treatment plans given
any, and primarily reduced, number of carbon fractions. As the combined treatment plans
are at least as good as conventional treatment strategies, jointly optimized treatments make
best use of the available treatment resources, thereby improving the cost effectiveness and
accessibility of limited particle therapy resources to a larger population of patients. The joint
optimization strategy also provides a framework to investigate gains achieved with a given
fraction allocation. This would support fraction allocation decisions based on a cost-benefit
trade-off. One step further would involve the inclusion of real world variables, for example
cost or slot availability, into the optimization objective function to improve and extend patient

care.
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Conclusion

The main objective of this thesis was the development, implementation and evaluation of a
treatment planning framework that synergistically optimizes photon—carbon ion combined
treatments. A simultaneous optimization of the two modalities based on the accumulated
biological effect would optimally exploit the strengths of each modality. The clinical approach
to combined treatments consists of a naive combination of independently optimized photon
and carbon ion plans based on the RBE weighted dose. Previous work on joint optimization
addresses photon—proton treatments based on a cumulative but does not take into
consideration the variable associated with particle therapy modalities.

This thesis presents the first investigation into the joint optimization of combined photon-
carbon ion treatments. The joint optimization workflow was independently implemented
within the open source dose calculation and treatment planning framework matRad. As
such, the implementation may be released as open source code to act as the ideal starting
point for future internal and external research. Apart from the software implementation and
resulting treatment plans, this thesis also investigated the influence of underlying treatment
parameters. Namely: (1) the impact of predetermined fractionation schedules on the joint
optimized plans, (2) the influence of choice of LQ model parameters on the fractionation
considerations within the target volume and (3) the implications of the choice of LEM/model,
for carbon ion [RBE] estimation, on the overall treatment. These concepts were then applied in
a more clinical treatment planning study for infiltrative tumours, focussing on glioblastoma
patient cases.

The joint optimization strategy for combined treatments stands at the intersection of radiation
physics, radiobiology and optimization techniques, the fundamentals for which are laid out
in chapter[lll The optimization, presented in section[[IL1} is carried out on the total cumulative
biological effect contributions of all photon and carbon ion fractions. Where biological effect
contributions of each modality is computed using the LQmodel assuming a predetermined
a7/ B" ratio for each volume of interest. In this estimation of biological effect, the variable
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of carbon ions are incorporated using effective a*, B estimates obtained from [LEMTV.
The joint optimization framework utilizes the existing basic dose calculation, biological effect
calculation for carbon ions and optimization capabilities of matRad for photons, protons and
carbon ions.

The validation of the joint optimization framework was done with a qualitative compari-
son of a photon—proton combined treatment with results previously published in literature.
The fundamentals of a joint optimized photon—carbon ion treatment are presented with a
biological effect based comparison of joint optimized treatments with independently opti-
mized simply combined treatments and unimodal photon and carbon ion treatment for a
spinal metastasis patient case. It reveals that joint optimized plans cumulatively present
an improved high biological effect conformity and reduction in integral dose to healthy
tissue. This gain is achieved through two competing means: (1) spatial redistribution of
fluence between photons and carbon ions and (2) temporal administration of biological effects
between the two modalities. These methods utilized by the joint optimization strategy are
driven by two competing objectives: Firstly, reduction of mean dose to healthy tissue which
motivates the optimizer to, generally, use carbon ions to deliver a larger percentage of the
prescribed biological effect, as compared to photons. Secondly, the sparing of healthy tissue
through fractionation. As carbon ions have a higher and reduced fractionation capacity,
they deliver a larger effect to and healthy tissue. At regions of the target volume
with healthy tissue involvement the optimizer utilizes photon fractions, with a lower RBE|
and larger fractionation potential, in addition to the carbon ion fraction, to distribute the
biological effect uniformly over all available fractions. Such a solution is characterized by
inhomogeneous photon and carbon ions dose distributions that selectively hypofractionate
deep regions of the target and hyperfractionate target subregions adjacent to critical struc-
tures. Additionally a theoretical concurrent irradiation strategy, was evaluated where both
photons and carbon ions were assumed to be delivered in all fractions. One would expect
that carbon ions, now with more fractions available to fractionate dose, would be solely
used. However, here photons were utilized in areas surrounding in order to deliver
a lower weighted collateral dose. In summary, the joint optimization strategy takes
into account the physical and radiobiological characteristics of photons and carbon ions
and delivers a plan that, for comparable target coverage, exhibits a benefit in healthy tissue
considering biological effects. Naturally, such model-based approaches critically depend
on the underlying models. In the case of joint optimized treatments, it pertains to the [RBE]
estimation model for carbon ions and the LQ]models used to accumulate biological effects
over multiple fractions. Uncertainty in these models not only affects the overall treatment
plan but also the individual contributions of each modality. Also, the highly modulated fields
used here are subject to physical range and setup uncertainties which would quickly degrade
treatment plan quality. Such uncertainties have not been addressed in this study and should
be the subject of future research.
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To study the impact of fraction allocation on treatment plan quality, photon—carbon ion
treatments were optimized for a range of fraction distributions and compared against photon-
proton plans. This result suggests that the ideal fraction distribution may call for a reduction
in the carbon ion fractions owing to their reduced fractionation capacity. Furthermore, it can
be observed that the joint optimized treatment also depends on other treatment decisions
such as beam angle selection. The effects of suboptimal beam angle selection can be, to an
extent, mitigated by the fluence redistribution between photons and carbon ions seen in joint
optimized plans.

This study also investigates the implications of an assumed fractionation gain from a differ-
ential &/ B ratio between tumour tissue and healthy tissue. Without the fractionation gain,
the objective to fractionate dose in healthy tissue is voided. Therefore the driving factor in
such an optimization is the spatial conformity of dose which is generally best achieved by
the use of carbon ions. This result demonstrates that, without a fractionation gain, the joint
optimized treatment is almost identical to a unimodal carbon ion treatment. Here again, the
presented results show that suboptimal carbon ion beam angle selection can be mitigated
with a joint optimized solution.

The choice of LEMImodel for carbon ions also plays an important role in the joint optimized
outcome. This influence was investigated with a comparison of joint optimized plans con-
sidering LEMII and [LEMITV. Compared to LEMIIV, [LEMII predicts a higher RBE|in the beam
entrance channel, before the Bragg peak, and in the fragmentation tail, whereas v
models in vitro cell survival data better. This increased effectiveness and reduced fractionation
benefit in healthy tissue predicted by [LEMII results in considerable reduction of carbon ion
contributions in a joint optimized plan as compared to [LEMIIV.

Finally, combined photon—carbon ion plans were optimized for six glioblastoma patient
cases. In order to model the mixed tissue composition of the[CTV]in treatment objectives, a
composite of an underdosage objective considering tumour [LQ| parameters and overdosage
objective considering healthy tissue parameters was formulated. In this joint optimized plan,
photons were preferentially used to fractionate dose to healthy tissue within the[CTV|whereas
carbon ions are used to deliver dose to the center of the[GTV]to reduce integral dose to the
external healthy brain. The joint optimized plans overall present a benefit from reduction
in cumulative near maximum biological effects in adjacent critical structures and superior
conformality. With joint optimized treatments it is also possible to produce a spectrum of
plans that could more closely mimic clinical priorities in sparing of as illustrated with
an external brain sparing prioritized plan.

In summary, this thesis presents a novel joint optimization approach to combined photon-
carbon ion treatments that accounts for both fractionation and variable of carbon ions
within the[LQ|framework. This synergistic optimization exploits the complementary physical
and radiobiological advantages of both modalities and allows for a spatial and temporal
redistribution of biological effects between modalities.
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Future research in joint optimization should focus on the mitigation of physical and bio-
logical uncertainties in order to provide a robust solution that would improve patient care.
Particularly with respect to the biological uncertainties associated with [LQ] model parameter
estimation and in vivo RBE|estimation for carbon ions. Furthermore, it is worth investigating
other more comprehensive biological models at the core of joint optimization strategy in
order to take a step towards personalized radiotherapy treatments.
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Summary

Carbon ion therapy is a promising treatment modality that is not widely accessible to
patients due to limited resources and a high cost of treatment. Therefore, it is necessary to
consider mixed modality treatments where carbon ions are utilized in combination with the
more widely available and accessible, photon therapy. In contemporary clinical combined
treatments, photon fractions and carbon ion fractions are separately optimized and simply
accumulated based on the [RBE| weighted dose. Such a “naive” combination does not
tully exploit physical and radiobiological advantages emerging from the interplay of both
modalities. Carbon ions excel at delivering high[RBE|conformal dose to the target volume and
avoid delivering dose to distal healthy tissue. Photons, besides generally larger integral dose,
have a lower[RBE|and are desirable to irradiate target subvolumes that are adjacent to healthy
tissue or have healthy tissue infiltrated by tumour tissue, due to the greater fractionation
potential. This thesis presents a novel method to exploit these differences by simultaneously
optimizing photon and carbon ion fluence contributions in order to answer the question:
what is the ideal combined photon-carbon ion fluence distribution given a specific fraction
allocation between photons and carbon ions?

The joint optimization framework allows for the synergistic optimization of photon-carbon
ion treatments based on the cumulative biological effect, incorporating both the variable
[RBEl of carbon ions and the fractionation effect within the linear quadratic (LQ) model. As a
part of this study, the joint optimization workflow was implemented within the open source
treatment planning toolkit matRad.

Joint optimization strategies yield individually non-conformal photon and carbon ion dose
distributions that cumulatively deliver a homogeneous conformal biological effect distribution
in the target volume. Compared to conventional combined treatments, joint optimized
treatments exhibit better conformity and better sparing of critical structures through a spatial
redistribution of dose between modalities and a non-uniform fractionation schedule within
the target volume. Depending on the fraction allocation between modalities, there exists
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an optimized temporal distribution of biological effect where parts of the target volume are
hypofractionated while areas around dose limiting critical structures are spared through
fractionation. The additional degrees of freedom from the spatial and temporal redistribution
of fluence enables the exploration of a new spectrum of plans that can better address physical
and radiobiological treatment planning challenges.

Apart from a proof of concept, the impact of key underlying treatment parameters were also
investigated. With regards to fraction allocation for photon—carbon ion treatments, the joint
optimized treatments were shown to benefit from a reduction in carbon ion fractions due
to their limited fractionation capacity. The choice of LQ]model parameters and an assumed
fractionation benefit drives the biological motivation to fractionate dose, without it the joint
optimization was purely driven by the physical characteristics and beam angles selected for
treatment. Furthermore, the choice of[LEMlversion for carbon ion[RBE|estimation predicts the
fractionation capacity of carbon ions. The clinically used LEMII predicts a higher effectiveness
of carbon ions in the entrance region and fragmentation tail as compared to[LEMIIV. Therefore
the use of LEMII in joint optimization results in a lowering of carbon ion contributions in
order to spare healthy tissue located at the entrance channel and fragmentation tail.

Finally, the method was demonstrated for six glioblastoma patients, where the contains
tumour infiltrated healthy tissue that would benefit from a fractionated treatment. In
comparison to the current clinical standard of independently optimized photon—carbon ion
plans, the optimal plan dose to[CTV|was primarily delivered by photons while carbon ions
are restricted to the[GTV|with variations depending on tumour size and location. The joint
optimization approach results in a targeted application of carbon ions that (1) reduces dose in
normal tissues within the target volume which can only be protected through fractionation
and (2) boosts central target volume regions in order to reduce integral dose.

In conclusion, this thesis presents the first joint optimization framework that allows for an
evidence based and mathematically optimal allocation of photons and carbon ions in mixed
modality treatments.
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Zusammenfassung

Kombinierte Photonen-Kohlenstoffionen-Bestrahlungsplanung

Die Bestrahlung mit Kohlenstoff-Ionen ist eine vielversprechende Therapiemodalitit, die
aufgrund begrenzter Ressourcen und hoher Kosten fiir Patienten nicht allgemein zugang-
lich ist. Daher ist es notwendig, gemischte Strahlentherapien in Betracht zu ziehen, bei
denen Kohlenstoffionen in Kombination mit der weithin verfiigbaren und zugénglichen
Photonentherapie eingesetzt werden. Bei den gegenwirtigen klinischen Kombinationsbe-
handlungen werden die Photonen- und Kohlenstoffionenfraktionen separat optimiert und
direkt deren RBW-gewichtete Dosen akkumuliert. Diese “naive” Kombination schopft die
physikalischen und strahlenbiologischen Vorteile der beiden Modalitdten nicht vollstandig
aus. Kohlenstoffionen zeichnen sich durch hohe RBW und Komformalitdt im Zielvolumen
aus, wiahrend die Dosierung von distalem, gesunden Gewebe vermieden wird. Neben der
generell grofieren integralen Dosis sind Photonen hingegen, aufgrund des niedrigeren RBW
sowie grofieren Fraktionierungspotenzials wiinschenswert, um Zielsubvolumina zu bestrah-
len, die an gesundes Gewebe angrenzen oder bei denen gesundes Gewebe von Tumorgewebe
infiltriert ist. In dieser Arbeit wird eine neuartige Methode zur gleichzeitigen Optimierung
von Photonen- und Kohlenstoffionen-Fluenzbeitragen unter Ausnutzung der Unterschiede
beider Modalitidten vorgestellt und so die Frage beantwortet: Was ist die ideale kombinierte
Photonen-Kohlenstoffionen-Fluenzverteilung zwischen Photonen und Kohlenstoffionen bei
gegebenem Fraktionierungsschema?
Das entwickelte Framework ermoglicht die synergistische Optimierung von Photonen-
Kohlenstoffionen-Behandlungen basierend auf dem kumulativen biologischen Effekt, wobei
sowohl die variable RBW von Kohlenstoffionen als auch der Fraktionierungseffekt innerhalb
des linear-quadratischen (LQ) Modells berticksichtigt werden. Als Teil dieser Studie wurde
das gemeinsame Optimierungsframework im Open-Source toolkit matRad implementiert.
Gemeinsame Optimierungsstrategien fithren zu jeweils inhomogenen, nicht konformalen
Dosisverteilungen der Photonen- und Kohlenstoffionenbeitrdge, die kumulativ jedoch eine
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homogene biologische Effektverteilung im Zielvolumen liefern. Im Vergleich zu konven-
tionell kombinierten Bestrahlungspldnen weisen gemeinsam optimierte Pldne eine bessere
Konformitédt und eine bessere Schonung kritischer Organe durch eine rdumliche Umvertei-
lung der Dosis zwischen den Modalitdten und einen ungleichméfiigen Fraktionierungsplan
innerhalb des Zielvolumens auf. Abhédngig von der Fraktionsverteilung zwischen den Moda-
litaiten gibt es eine optimierte zeitliche Verteilung des biologischen Effekts, bei der Teile des
Zielvolumens hypofraktioniert werden, wihrend Bereiche um dosislimitierende kritische
Organe durch Fraktionierung geschont werden. Die zuséatzlichen Freiheitsgrade der rdum-
lichen und zeitlichen Umverteilung der Fluenz ermoglichen die Erforschung eines neuen
Spektrums von Planen, die den Herausforderungen der physikalischen und strahlenbiologi-
schen Bestrahlungsplanung besser gerecht werden kénnen.

Neben einem Proof-of-Concept wurden auch die Auswirkungen der wichtigsten zugrunde lie-
genden Behandlungsparameter untersucht. Im Hinblick auf die Ausgestaltung des Fraktions-
schemas von Photonen-Kohlenstoffionen-Behandlungen wurde gezeigt, dass die gemeinsam
optimierten Behandlungen von einer Reduzierung der Kohlenstoffionen-Fraktionen aufgrund
ihrer begrenzten Fraktionierungskapazitét profitieren. Die Wahl der LQ-Modellparameter
und ein angenommener Fraktionierungsvorteil treiben die biologische Motivation zur Dosis-
fraktionierung an. Ohne sie wurde die gemeinsame Optimierung rein von den physikalischen
Eigenschaften und den fiir die Behandlung gewihlten Strahlwinkeln getrieben. Dariiber hin-
aus sagt die Wahl des biologischen Modells zur Abschidtzung der RBW der Kohlenstoff-lonen
die Fraktionierungskapazitidt von Kohlenstoff-lonen voraus. Das klinisch verwendete LEM
I schitzt eine hohere Effektivitdt der Kohlenstoff-Ionen im Eingangsbereich und Fragmen-
tierungsschweif im Vergleich zu LEM IV. Daher fiihrt die Verwendung von LEM I in der
Optimierung zu einer Verringerung des Kohlenstoffionen-Beitrags, um gesundes Gewebe zu
schonen, welches sich im Eingangskanal und Fragmentierungsschwanz befindet.

Die Methode fiir sechs Glioblastom-Patienten demonstriert, bei denen das CTV tumorin-
filtriertes gesundes Gewebe enthilt, das von einer fraktionierten Behandlung profitieren
wiirde. Im Vergleich zum derzeitigen klinischen Standard von unabhingig optimierten
Photonen-Kohlenstoffionen-Planen wurde die optimale Plandosis fiir das CTV primér durch
Photonen geliefert, wahrend der Beitrag der Kohlenstoff-lonen auf das GTV beschrankt wird;
in Abhdngigkeit von Tumorgrofie und -lage. Der gemeinsame Optimierungsansatz fiihrt zu
einer gezielten Anwendung von Kohlenstoff-Ionen, die (1) die Dosis in normalen Geweben
innerhalb des Zielvolumens, die nur durch Fraktionierung geschiitzt werden kénnen, redu-
ziert und (2) die Dosis in zentralen Zielvolumenregionen erhoht, um die integrale Dosis zu
reduzieren.

Zusammenfassend stellt diese Arbeit den ersten gemeinsamen Optimierungsansatz vor, der
eine evidenzbasierte und mathematisch optimale Allokation von Photonen und Kohlenstoff-
Ionen in gemischtmodalen Behandlungen ermoglicht.
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