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Four-dimensional dose calculation using deformable tetrahedral
geometries for hadron therapy

ABSTRACT: The estimation of energy and dose distribution patterns in respiratory-induced organ motion consti-
tutes a significant challenge in hadron therapy treatment planning and dosimetry. Notably for lung cancer in which
many difficulties arise, like tissue densities variation and the tumor position shifting during Respiration. All these pa-
rameters affect the ranges of protons or ions used in treatment when passing through different tissues and can easily
result in Unexpected dose distribution. The present work consists of calculating the dose distributions of moving or-
gans by means of Monte Carlo simulations and patient-specific modeling tools. The dose distributions are calculated
using a time-dependent tetrahedral density map, describing the internal anatomy of the human body. Additionally, the
internal motion can be described using either a biomechanical modeling based on Finite Element Analysis (FEA) or
deformable image registration displacement map. Unlike methods based on the conventional voxel-based structures,
the deposited energy is accumulated inside each tetrahedron during deformation, thus overcoming the problem of
tissue tracking since that the tetrahedron is defined as a part of a tissue whose chemical composition and topology do
not change. The first part of the Ph.D. project proposes a dose calculation method that generates a 4D dose map using
a patient-specific tetrahedral model. Besides, we study the effect of the level of detail of tetrahedral meshes on the ac-
curacy of the resulted dose distribution. In the second part, we focus on the optimization of the tetrahedral geometry
to address the problem of time simulation, since obtaining a precise dose distribution can be very time-consuming.
To overcome this issue, we've defined a new approach that takes into account the direction of the beam to minimize
the error of the water equivalent thickness of the tetrahedrons before the tumor volume. This method allows for a
coarsened tetrahedral mesh and as a result, improved computational performance in Monte Carlo simulations while
guaranteeing a precise dose distribution in the target volume.

KEYWORDS: Hadrontherapy, tetrahedral meshes, voxel-based structures, dosimetry, Monte carlo, modeling
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Calcul de dose 4D a l'aide des structures tétraédriques déformables pour
'hadronthérapie

RESUME: Lestimation de la distribution de dose et d'énergie en présence du mouvement des tissus induit par la
respiration, constitue un défi technologique important dans la planification du traitement en hadronthérapie. Notam-
ment pour le cancer pulmonaire, dans lequel de nombreuses difficultés apparaissent comme la variation de densité des
tissues, le changement de la forme des organes ainsi que le décalage de la position de la tumeur pendant la respiration.
Tous ces paramétres affectent la portée du faisceau d’ions utilisés pendant le traitement, et, par conséquent entrainent
une distribution de dose inattendue. Lobjectif principal de cette thése est de proposer une méthode de calcul de dose
basée sur les structures tétraédriques, qui permet d'estimer les distributions de dose des organes en mouvement en
utilisant les simulations Monte Carlo. Ces distributions de dose sont calculées en utilisant une carte de densité té-
traédrique dépendante du temps, décrivant I'anatomie interne du corps humain. De plus, le mouvement interne peut
étre représenté a l'aide d’une modélisation biomécanique résolue par la méthode des éléments finis (MEF) ou d’une
carte de déplacement issue d’un recalage d’images déformable. Contrairement aux méthodes basées sur les structures
classiques & base de voxels, la dose déposée s'accumule a I'intérieur de chaque tétraédre au cours de la déformation,
surmontant ainsi le probléme du suivi tissulaire puisque le tétraédre est défini comme une partie d’un tissu dont la
composition chimique et la topologie ne changent pas. Dans la premiére partie de la thése, nous avons développé une
méthode de calcul de dose qui génére une carte de dose 4D en utilisant un modéle tétraédrique spécifique au patient.
En outre, nous étudions l'effet du niveau de détail des maillages tétraédriques sur la précision de la distribution de la
dose obtenue. Dans la deuxiéme partie, nous nous concentrons sur I'optimisation de la géométrie tétraédrique pour
réduire le temps de simulation, sachant que I'obtention d’une distribution de dose précise peut étre cotiteux en termes
de temps. Pour surmonter ce probléme, nous avons proposé une nouvelle approche qui prend en compte la direction

du faisceau afin de minimiser l'erreur de I'épaisseur équivalent eau des tétraédres avant le volume de la tumeur. Cette
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méthode permet d'obtenir un maillage tétraédrique grossier et, par conséquent, d'améliorer les performances de calcul
dans les simulations de Monte Carlo, tout en conservant une distribution de dose précise dans le volume cible.
Morts CLES: hadronthérapie, maillages tétra¢driques, structures voxéliques, dosimétrie, Monte Carlo, mod-

élisation
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Learning never exhausts the mind.

Leonardo da Vinci

Introduction

In this chapter, we present the background and the objectives of our study. We first start with an
overview of hadrontherapy and its use in cancer treatment then; we give an insight into the tech-
niques used to incorporate organ movement. Finally, we end with a description of the goals of the

present thesis and the structure of this manuscript.

1.1 RADIATION THERAPY FOR CANCER TREATMENT

Radiotherapy also known as radiation therapy or RT is one among five modalities of cancer treat-
ment alongside surgery, chemotherapy, immunotherapy and hormonal therapy. It is considered as
an essential element for effective cancer treatment since more than 50% of all patients worldwide
receive radiotherapy during the management of their disease [1][2]. Either stand-alone or com-
bined with another modality depending on the stage and the type of cancer. In RT, the radiations

are delivered in three distinctive ways :
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« Brachytherapy (BT) or sealed source radiation therapy sometimes referred to as curi-
etherapy or endocurietherapy. In this form of RT, the radioactive sources are placed within
or adjacent to the site of the cancerous tumor to deliver higher radiation doses [3]. For in-
stance, a radiation source will be placed in the breast of a woman who has breast cancer. BT

technique is widely used for breast, cervical, prostate, and skin cancers.

- Radioisotope therapy or unsealed source radiotherapy applied through the systemic in-
jection of radioactive substances radiopharmaceuticals that have been designed to target
disease. [4]. The radiation source is given orally or intravenously through an intravenous

tubing. The most common cancer treated with radioisotope therapy is the thyroid cancer.

+ External beam radiation therapy (EBRT or XRT) or teletherapy contrary to the other
two methods, the beam in EBRT is delivered from outside the body using an external source

of ionizing radiation and pointed to the target.

In this manuscript, our work will revolve mainly around the external beam radiation therapy,

and we will refer to it therefore as radiation therapy.

1.1.1  MECHANISMS OF ACTION OF RADIOTHERAPY

The idea behind radiotherapy is to kill the tumoral cells using ionizing radiations. As the term
implies, these radiations form ions and deposit energy in the tissues traversed by the beam, thus
damaging their DNA or other critical cellular molecules. The energy deposition can either kill the
cells immediately or cause genetic changes that lead to cell death [5]. As a result, the cell division
process will be blocked, and further cell proliferation will be prevented [6]. Nevertheless, Since
that normal cells may also be damaged and killed during irradiation, the goal of radiation therapy
is to minimize exposure to healthy tissues while maintaining a high dose value in the target. For-
tunately, Normal cells can repair themselves at a fast rate and retain their usual function statues

contrary to cancer cells which are not as efficient to fix the damage caused by the radiations [7].
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1.1.2 RADIATION THERAPY IN HISTORY: FROM CONVENTIONAL RADIOTHERAPY TO HADRON

THERAPY

The first to use ionizing radiation for a therapeutic application and to demonstrate the biological
effects of x-rays on tissues was the professor Leopold Freund [8]. Very soon after the discovery of
x-rays by Wilhelm Rontgen in 1895 [9], he successfully treated in 1896 a five-year-old girl suffering
from hairy moles covering her back, thus becoming the founder of medical radiology and radio-
therapy [ 10]. In the early twentieth century, an increasing number of the studies that use x-rays in
medicine was reported. However, due to the low penetration of the radiations in tissues, the treat-
ments were limited to superficial and shallow-seated tumors like in skin cancer. Besides, the lack
of knowledge of the mechanisms of actions and the biological effects of the new rays conducted
to poor cancer treatment and lower delivery control compared to the produced side effects [11]
[12]. These outcomes have pushed physicians to study the properties of these new radiations and
radiobiologists to investigate the impact of the particle beams on cell survival. By the end of this
period of radiation medicine known as the era of discovery [ 13 ] in the late 1920s, researchers were
able to understand the characteristics of the newly discovered beams and their effects on tissues,
especially following the work of Ernest Rutherford on the atomic structure. Moreover, radioactive
elements were also identified and diligently studied, as well. Not less important was the introduc-
tion of the ionizing chamber that made the measurement of the delivered radiation dose possible.
In the following decades, radiation therapy became one of the main modalities used for oncology,
and many technical advances have been made to enhance the quality of the treatment. These meth-
ods aim to improve the conformity of the administered dose to the target volume by limiting a high
and a homogeneous dose in the diseased area and spare the surrounding healthy tissues to avoid
unwanted side effects for the patient. Among the techniques that have made a significant impact
on the quality and the precision of the beam delivery, we found computerized treatment planning
systems, setup and patient positioning and the megavoltage x-rays. Another strategy that has been
used to reduce the dose in critical areas is to take profit of the dose deposition characteristics of the
different types of particles. The first to describe the potential of ions for medical use was Robert R.
Wilson in 1946 [14]. He outlined the advantages of adopting beams of protons and heavier ions for
the treatment of tumors, in comparison with the conventional high energy photon beams (x-rays).

The well known physical properties of protons offer a better coverage of dose since that they slow
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down during their penetration of the matter. In fact, Wilson has also extended his thoughts to the

use of heavy ions.

1.1.3 HADRONTHERAPY

In the literature, multiple terms and designations are used to refer to the treatment of cancer us-
ing protons and other heavier ions. The most commonly used are particle therapy, hadrontherapy,
hadron therapy and heavy-ion therapy. Even though photons and electrons are also particles, pho-
ton therapy, and electron therapy are not considered in particle therapy, but rather, they are usually
grouped together and called conventional radiotherapy. To eliminate confusion, the term Hadron-
therapy was introduced to cover all forms of radiations that use particles that are made of quarks:
protons, neutrons, pions and helium, carbon, oxygen and neon ions, etc. Hense, excluding photons
and electrons from the batch. On the other hand, although, there is no difference between Hadron-
therapy and the two-separate-words Hadron therapy, the former is preferred [15]. Since, by anal-
ogy with radiotherapy, the term radiation therapy was used until it became an important modality
in oncology. As for the designation heavy-ion therapy, it is used to characterize ions heavier than
protons and also to describe their increased relative biological effectiveness. Currently, only pro-
tons and to some extent carbon ions are in use in the clinical environment [16] and thus they will
be the focus of the current work.

Beyond the chosen terminology, the rapidly increasing adoption of hadrontherapy in the can-
cer treatment realm is due to the physical aspects and properties of heavy-ions. More specifically
to their distinct depth-dose distribution named Bragg curve after Sir William Henry Bragg, who
discovered it in 1903 [17]. This curve plots the deposited dose of ionizing radiations during their
travel through matter, and it is characterized by a pronounced narrow peak known as the Bragg
peak (BP). The latter occurs at the end of the range of particles, and it corresponds to the region
where a significant amount of energy is deposited. Figure 1.1.1 illustrates a comparison of dose
distributions between photons, protons and carbon ions in water using clinical relevant energies.
Contrary to photons that have a steep exponential decrease of dose with depth, particle beams have
a dose profile that increases up to a sharp maximum with increasing penetration with a very little
energy beyond the Bragg peak.

In addition to the favorable dose distribution and the steep dose fall-off of ion beams [19], the
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Figure 1.1.1: Depth dose distribution for photons and monoenergetic Bragg curves for car-
bon ions and protons [18].

position of the BP can be precisely adjusted to the desired depth by changing the kinetic energy of
the incident ions. These characteristics yield to better tumor conformity and thus to better clini-
cal outcomes compared to conventional radiotherapy [20]. Figure 1.1.2 illustrates a comparison
of proton therapy and X-rays/IMRT treatment plans of esophageal cancer. Even though the dose
conformity is precise in the target volume for the two modalities, the dose in the surrounding vol-
umes is far less when using the proton beam.

To cover the entire target volume with a uniform dose distribution, the beam delivery system
must extend the Bragg peak over a more significant size creating the so-called Spread-Out-Bragg-
Peak (SOBP). The latter is formed by adding the contribution of individually modulated pristine
Bragg Peaks. Figure 1.1.3 shows how the proton BPs of different ranges are superimposed to form

the SOBP and to produce a homogeneous planned dose in the tumor area.

Beam delivery systems: Hadrontherapy requires complex beam delivery systems that can acceler-
ate the particles to the prescribed energies and transport them onto the target. Since that, a unique
Bragg Peak cannot cover the entire volume of the tumor, the ion beam needs to be shaped. Over
the years, two major strategies have been developed: passive beam shaping and active scanning.
The former method generates a broad therapeutic beam that is further collimated and shaped to
conform with the target volume. More precisely, it relies on a combined use of such devices as

range modulators, compensators, and wedges. As shown in Figure 1.1.4, the narrow monoener-
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Figure 1.1.2: Treatment plans of esophageal cancer using proton therapy (left) and X-
rays/IMRT (right). Proton therapy limits the radiation delivered outside the target and re-
duces the likelihood of lung complications. The conformity to the target volume is precise
in the two cases. However, the dose of surrounding organs is minimized when using protons.
Source Seattle cancer care alliance, Proton therapy center 2017 and [21].
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Figure 1.1.3: In a typical treatment plan for proton therapy, the spread out Bragg peak
(SOBP, dashed blue line) is the therapeutic radiation distribution. The SOBP is the sum

of several individual Bragg peaks (thin blue lines) at staggered depths. The depth-dose plot
of an X-ray beam (red line) is provided for comparison. The pink area represents additional
doses of X-ray radiotherapy—which can damage normal tissues and cause secondary cancers,
especially of the skin
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getic Bragg peak generated by the particle accelerator is spread out by the range modulator to gen-
erate the SOBP that covers the entire length of the tumor. Furthermore, a range shifter is used to
shift the generated SOBP to align it with the depth of the tumor. The following two devices are
specifically designed and made individually for each patient: the collimator block the particles that
are outside the field of view of the target and finally, the range compensator adjusts the radiation
field to the distal depth pattern of the target volume. Despite the fact that the passive beam deliv-
ery system is widely used in particle therapy centers around the world, it has significant drawbacks.
The fixed width of the SOBP may result in the deposition of dose outside the tumor as illustrated
by the hatched area in figure 1.1.4. This is due to the inability of the compensator to form the proxi-
mal edge of the target volume that leads to a restricted tumor conformity. Additionally to the need
for manufacturing patient-specific hardware that generates more treatment costs, this method gen-
erates neutrons that can cause undesirable biological damage in healthy tissues. Those neutrons
are the result of the interactions in beam scattering and collimation. However, scattering is more
forgiving of tumor and organ motion because of the smearing effect of the broadened beam [22].

On the other hand, the active scanning beam delivery technique (or the Active beam shaping )
approach the shaping differently by first dividing the target volume into layers of equal energy, then
associating for each slice a grid of target points in a form of voxels. These voxels are furthermore
irradiated sequentially by a pencil beam that scans the entire target area. Figure 1.1.5 illustrates
how the beam scans the tumor by moving from a slice to another. The pristine Bragg peaks are
positioned inside the tumor by employing scanning magnets and also by changing the beam energy.
Using such a strategy has the advantage of eliminating the need for any additional patient-specific
devices and also reduce drastically the amount of hardware in the beamline leading to less neutron
flux towards the patient. Additionally, better conformity to the tumor is ensured hence sparing
the surrounding healthy tissues [24]. The active scanning solves some of the weaknesses of the
passive strategy regarding the efficiency of the beam delivery as it neither generates neutrons nor
has scattered particles in the nozzle. Moreover, it doesn’t require the use of complicated and patient-
specific devices for the treatment. Nevertheless, the enhanced ability with particle scanning to
paint dose more conformally, voxel by voxel, increases the risk of target misses due to breathing.
Still, Multiple re-paintings can compensate for the organ motion by effectively smearing out the

dose [22].
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Figure 1.1.4: Schematic of a fully a passive beam shaping system in Hadrontherapy. Figure
redrawn from [20].
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Figure 1.1.5: Schematic of the GSI raster-scan system. Figure redrawn from [23].
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1.2 TREATMENT OF MOVING TARGETS USING HEAVY CHARGED PARTICLES

Despite the increased accuracy offered by modern radiotherapy modalities regarding both the treat-
ment precision and the dose conformity, the treatment of moving targets still make a very com-
pelling challenge. Consequently, during the last decades, the management of organ motion estab-
lished a major research field in radiotherapy. In this section, we will discuss the impact of internal
organ motion on the treatment with ion beam therapy and the different strategies employed to

mitigate motion effects.

1.2.1  ORGAN MOTION FROM A CLINICAL VIEW

In the following, we will briefly introduce the different types of organ motion and their character-
istics. A more extensive review can be found in [25] and [26]. The variation of the density distri-
bution of the patient and the location of the target can occur at different time scales: The entire

treatment, in-between sessions and during the treatment delivery.

« Over the Course of Treatment: It is referred to the gradual and systematic variation of
the density distribution following a redistribution of densities between different tissues or
the disappearance or the addition of matter. Examples include shrinkage and tumor growth
[27], weight variations and the change in lung density. Moreover, the patterns of motion can
also be affected as is the case with breathing trajectories. Furthermore, the patient motion

can affect either the inter-fractional or the intra-fractional motions.

« Inter-fractional organ Motion: It includes the changes that the anatomy undergoes be-
tween treatment fractions and having a more random behavior than the variations that oc-
cur over the entire treatment. The sources of inter-fractional changes are diverse and can
be the error related to the positioning or the setup of the patient, the changes in the tumor
volume or even the daily variation of rectal and bowel filling. Besides, we can also mention

the average tumor position that can change during the breathing cycle [26].

« Intra-fractional organ Motion: it occurs in the course of a single treatment fraction within
a short time interval, and it is mainly originated from the organ motion like swallowing,

respiration, heartbeat, organ filling or peristalsis.
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Since that the main focus of our work is the treatment of lung cancer, we will emphasize the

treatment of intra-fractionally respiratory motion throughout the rest of the document.

1.2.2 RESPIRATORY MOTION

Respiration motion is the primary source of uncertainties during the treatment session [28] [26]
[29] and it also contributes to several tumor sites: thorax [30], liver [31], abdominal [32][33],
breast, prostate and naturally it constitutes a big challenge for lung cancer [34]. For lung tumors,
the motion is more pronounced in the superior-inferior (SI) dimension of the chest cavity and in
the regions close to the diaphragm, generating an amplitude that can be as high as 30 mm. The
authorsin [3 5] have reported a magnitude of motion less than 13.4 mm for 95% of the lung tumor
cases in the SI direction. Additionally, in the study of [36], 35% of total patients have manifested
an amplitude greater than 10 mm.

Furthermore, not only the breathing motion is patient-specific but it is also characterized by a
random behavior that has patterns that fluctuate in magnitude, period, and regularity. This is due
to the fact that the breathing is governed by a set of independent muscles giving a multidirectional
facet to the movements. Figures 1.2.1a and 1.2.1b show the patterns of respiration of the same
patient taken at very close time intervals. It highlights the necessity of having an individual method
for respiratory management. Besides the displacement, breathing may affect the tumor size and
shape [37] and also the density of organs over the course of treatment. These uncertainties will

have further repercussions on dose delivery for respiratory management.

1.2.3 DOSIMETRIC CONSEQUENCES OF TARGET MOTION

In the case of nonmoving targets, range and patient setup uncertainties are consistent and relatively
measurable over the course of treatment and can be taken into account by the treatment planning
system to better the target coverage and spare the organs at risk (OAR). Moreover, only one com-
puted tomography image (CT) is needed in the treatment planning to estimate the density of the
patient tissues. However, with target motion, more challenging issues are introduced to the treat-

ment planning and dose delivery:

« As opposed to static targets where the density of tissues is assumed to be unchanged during

a treatment fraction, handling and representing the variation of the density over time by the
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(b)

Figure 1.2.1: Fluctuations in respiratory motion patterns registered at close time inter-
vals. The curves represent the patient surface displacement in the superior-inferior, anterior-
posterior and medial-lateral dimensions. In (a) the patterns are almost identical but in (b)
there are no respiratory distinguishable patterns [34].

planning system is not straightforward. Even by using 4D CT scans that only represent a

snapshot in time of the patient geometry.

« Target motion may result in the interplay effect which is the interaction between the beam

delivery and the tumor when they have similar time structures.

« The displacement of the target during treatment needs to be estimated and taken into ac-

count to adjust the dose distribution determined by the treatment plan.

The classical treatment planning approach that consists of using a single CT scan is limited and
insufficient to handle moving targets due to the above-mentioned reasons. Using this approach will
clearly generate a discrepancy between the planned dose and the real delivered dose. The deviation
of the dose distribution for a circular phantom is illustrated in Figure 1.2.2. It shows how the dose
distribution has deformed for a displacement of 10 mm resulting in an under dosage of the tumor

and affecting the surrounding tissues.
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Figure 1.2.2: Effect of target motion on a circular phantom. The tumor is centered and it is
represented by the gray circle. The thin black circle indicates a 10-mm 3D geometric expan-
sion of the tumor into the planning target volume (a) The dashed lines are isodose lines (50%,
80%, 90%, 95%, 100% of the maximum dose) for a single passive proton beam. (b) Isodose
lines for a 10 mm displacement of the tumor with respect to the treatment beam. [25].

1.2.4 DENSITY VARIATIONS

The densities of the patient geometry are of less concern in conventional photon beam radiation
therapy since they have negligible effects on the dose distribution. However, since that the range
of ion particles depends strongly on the density of the traversed tissues, the complete knowledge
of the density distribution of the patient is necessary for Hadrontherapy. An illustration of the
effect of density variations is shown in Figure 1.2.3 where the SOBP of the proton beam has shifted
backward a few millimeters after adding a layer of a material with an increased density. On the
other hand, the depth-dose profile of the photons has remained unchanged. Consequently, with
breathing, density variations occur and should be estimated to obtain an accurate treatment plan
[38][39] preventing severe potential dosimetric consequences. Authors in [40] have studied the
effect of breathing motion and systematic setup errors on the cumulative dose of a lung tumor. They
have simulated a s0-mm-diameter sphere inside the lung tissue and evaluated the cumulative dose
for multiple breathing patterns. They have shown that if the density variations are not considered
by the treatment plan, the dose inside the target is reduced from 96 % with no motion to 41%
and 65% for a 10 mm breathing amplitude and a 5 mm of setup errors with motion. Additionally,

Mori et al. [39] investigated the impact of water equivalent path length (WEPL', the calculation

""The water equivalent path length (WEPL) is the thickness of a water volume in which the particles lose the same
amount of energy as they pass through a given tissue.



Introduction 13

of WEPL is density dependent) variations on the range of a charged particle beam using eleven
four-dimensional computed tomography images of lung cancer patients. Their results showed that
the maximum local range fluctuations vary from 10 to 35 mm for the applied WEPL variations, and
furthermore lead to overdosage of organs at risks and/or underdosage inside the target volume as
shown in Figure 1.2.4. Hui et al. [41] examined the impact of interfractional changes on the dose
distribution inside lung tumors. They have analyzed weekly 4D-CT scans of 8 lung cancer patients.
The mean target volume coverage calculated on the weekly data was 1% less than the original plan
for all the patients except for one case, where the coverage was 90.9% compared to the planned 99%.
This reduction was caused by the large variation between the original simulation 4D-CT image
and the weekly 4D-CT image. They have also found a strong correlation between the dose and the
changes in density and they concluded that if the target motion is considered in the treatment plan,
the target volume coverage will receive an adequate dose for most lung cancer cases. Finally, even
though the variation in the density of the tissues is taken into account, the current treatment plans
still rest on the experience and the skill level of the clinical practitioner. Therefore, adaptive 4D

treatment methods are needed to reduce the dose in surrounding tissues.
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Figure 1.2.3: Impact of density on the beam range. Depth-dose profiles of a photon beam

and a proton SOBP, dashed lines represent the profile generated after adding a higher density

material (gray rectangle from 5 to 7 cm) in the trajectory of the used beams. [25].
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Figure 1.2.4: Range fluctuations expressed in water equivalent path length overlapped on the
4D-CT images. Image from [39].

1.3 MEDICAL STRATEGIES TO DEAL WITH MOTION

Various approaches have been defined to mitigate and manage respiratory motion in cancer treat-
ment with hadrontherapy. During the plan design, all the strategies are taken into account even
though few of them are employed during the treatment. In the following, we will describe the pros

and cons of each method with an emphasis on dose distribution.

1.3.1 MOTION REDUCTION TECHNIQUES

The most radical and intuitive strategy to reduce motion effects is to reduce motion itself. This cate-
gory of techniques includes abdominal compressing, breath holding, and apnea. Breath-hold [42 ]
requires an active cooperation of the patient and thus by inhaling and maintaining a fixed target
position for an extended period of time. The patient is first triggered by an audio or a visual signal,
then monitored to guarantee that the position of the tumor is correctly aligned with the planned
location to start dose delivery. For abdominal compression (AC), a respiratory belt is used to im-
mobilize the abdominal region. Even though AC has shown its efficiency to reduce the amplitude

of respiration [43] [44], it limits considerably the potential directions of the treatment beam dur-
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ing the plan design. Rinecker Proton Therapy Center introduced a more sophisticated method
that uses the apnea during the treatment to manage the motion [45]. The common drawback of
all these methods is that they are unbearable for patients with lung cancer and require an increased

clinical workload. Also, they raise the inter-fractional variations in the daily tumor position.

1.3.2 RESCANNING OR REPAINTING

The idea behind this technique is to control the beam delivery with respect to the breathing cycle by
exploiting the fact that repeated irradiations lead to statistical dose averaging inside the tumor vol-
ume [46][47][48]. Instead of delivering all the prescribed dose at once, multiple scanning is used
to smooth the dose distribution. Although this approach produces homogeneous dose distribu-
tion and annihilates overdosage and underdosage regions, it expands the planning target volume

to consider the movement of the target volume in the different breathing phases.

1.3.3 RESPIRATORY GATING APPROACH

Comparing to other strategies, gating requires a time-resolved monitoring of the breathing cycle
[49][50][51]. The irradiation is only triggered when the amplitude of respiration is lower than a
predefined threshold. The beam delivery is limited to a specific portion called “gate”. In addition, a
real-time monitoring system like spirometers [ 52 ] or infrared reflectors [ 53] is required to observe
the motion of the patient. Even though the tumor motion could be diminished to less than 10%
of free-breathing respiration (generally during full exhale [54])[55], the treatment time using this
approach is much longer comparing to a continuous beam delivery. Besides, the residual motion

will still cause interplay effects during the treatment session[56].

Expantion of the planned target volume: In current clinical practice, three main volumes of tissue
are defined during the treatment plan design to guide the beam delivery. The first is the gross tar-
get volume (GTV), which is the position and the extent of the gross tumor. The second volume
includes the GTV and an additional margin that take into account disease spread that cannot be
entirely imaged, and it is called the clinical target volume (CTV). A third volume named the ITV
for Internal Target Volume was added in the ICRU report 62 to take into account the variations in

the size and position of the CTV relative to the patient’s reference frame (usually defined by the
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bony anatomy). Lastly, the planning target volume (PTV) that takes into account the geometrical
variations. Moreover, the organs at risk (OAR) must also be contoured and defined (See figure
1.3.1). The intrafraction motion was conventionally addressed by expanding the PTV volume to

cover the target motion completely.
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Figure 1.3.1: Graphical representation of the volumes of interest, as defined in ICRU Reports
No. 50 and 62.
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1.3.4 REAL-TIME TUMOR TRACKING

Tumor tracking is arguably the most advanced and challenging strategy to accommodate the res-
piratory motion. The beam is shifted dynamically in space to follow the target position in real time
during free breathing. Ideally, tumor tracking would exclude the need for adding treatment motion
margins while managing a homogeneous dose distribution inside the tumor volume. To follow the
target in space this method should know the target position in real time, predict organs motion to
give time delays to the beam positioning system and adapt the delivered dose according to lung
density and volume variations. This method was first proposed by [ 57] and then clinically applied
for photon therapy, for instance, the Cyberknife treatments applied to x-ray radiosurgery[ s8]. For
radiotherapy, the tracking is a two-dimensional problem that requires the adjustment of the beam

to the 2D lateral position of the target. However, for hadrontherapy, the tracking additionally needs
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the water-equivalent path length of all the points in the target over time. This approach has only
been tested by means of computer simulation investigations [59] [60][61] [62][63] and compu-

tational phantom studies [64][65].

1.3.5 ADAPTIVE RADIOTHERAPY

Online adaptive radiotherapy is referred to as the changing of the treatment plan during a treat-
ment session to manage time changes in the patient anatomy such as the weight loss or the internal
motion. It could be a good replacement for beam tracking since it addresses efficiently the uncer-
tainties related to the estimation of range using 4D-CT scans, and also the geometrical variations
of the patient over the course of a fractionated treatment. Incorporating patient-specific changes of
the target surrounding organs can deliver more precise dose distributions by minimizing the vol-
ume of margins. Furthermore, it can be employed as a decision protocol that evaluates the used

treatment plan and decides if a replanning is needed.

1.4 AIMS AND STRUCTURE OF THE THESIS

The present work is a collaboration project between Saara and CAS-PHABIO teams from Liris
(Computer Science Laboratory for Image Processing and Information Systems) and IPNL (The
Nuclear Physics Institute from Lyon) laboratories, respectively. The main research field of the Saara
team is the biomechanical modeling of the respiratory system [66], [67], [68], [69], [70], [71] and
[72]. More recent studies have focused on the correlation of the biomechanical model with exter-
nal respiratory surrogate signals to track organ motion. In parallel, the collaboration with IPNL is
meant to use the biomedical model with a treatment planning system for Hadrontherapy, to cal-
culate dose distributions and to verify the treatment. The broad goal is to have a patient-specific
tetrahedral model to use in breathing simulations, treatment planning including dosimetry, and
treatment verification. This work doesn’t address the movement simulation even if both the biome-
chanical and image-based movement estimation were used. The general context of this Ph.D. is the
treatment of lung cancer using Hadrontherapy.

Independently from the chosen strategy to manage breathing motion, a dedicated treatment
plan based on a time-dependent motion model is needed. In Hadrontherapy, to calculate the dose

distribution inside the patient, the plan must consider not only the position and shape of the target
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but also the density and the chemical composition of the traversed tissues. Since that continu-
ous imaging of the anatomy is still not possible with the stat of the art medical technologies, an
alternative approach that utilizes a motion model is used by the treatment plan to represent the
correspondence between internal variations and respiratory surrogates.

There are two main groups of internal motion estimation methods that are image-based and
biomechanical approaches. The first method uses the 4D-CT scan of a single breathing cycle and
employs similarity measures between the images to create a displacement map. In biomechanical
approaches, the internal displacements and deformations are calculated using the finite element
method applied to either voxel-based structures or tetrahedral geometries. Even though the con-
ventional voxel grids are widely used in clinical practice, they suffer from multiple limitations in-
cluding their poor ability to appropriately estimate the organ density variations during respiration.
On the other side, tetrahedral geometries represent the organs using a deformable tetrahedral grid
where the movement is defined by vertex displacement. Unlike voxel grids, they have a compact
representation of the human body, and they allow for a better description of complex organs with
smooth surfaces. As for motion-compensation simulations, These methods have even more advan-
tages considering their ability to appropriately alter organ shape and the fact that they offer more
precise tissue tracking. The latter property is guaranteed since every tetrahedron represents a piece
of matter that endures deformation during breathing while maintaining its mass and topology.

Apart from geometry features, these models describe also the tissues mass density and the chem-
ical compositions to allow the Monte Carlo code to simulate particle transport through matter as
well as energy deposition. Our contribution consists of a 4D dose calculation method using tetra-
hedral geometries in which we have developed a geant4 code and an optimization method to im-
prove simulation time. The manuscript is organized as follow: Chapter 2 presents the proof of
concept of using tetrahedral geometries for dose calculations in the case of organ motion using
an approach based on the principle of mass conservation along an implementation on the Geant4
platform. The same tetrahedral structure has been used for both the Monte Carlo simulation and
dose accumulation and the dose is calculated on tetrahedral elements. This chapter led to the
publication of an article in the international symposium on biomedical imaging conference, titled
"Motion-induced Monte Carlo dose calculation using deformable tetrahedral meshes.” the meth-
ods and results of the article are included in this manuscript along other details. In chapter 3 we

describe our contribution to optimize the geometry and computation time of tetrahedral models
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in Monte Carlo simulation using the Geanty platform. We start by describing the flaws of the cur-
rent dose calculation methods and then introduce our approach that consists of taking advantage
of the accuracy of the water equivalent path length instead of the mass. The work presented in this
chapter led to the publication of a Physics in Medicine and Biology peer-reviewed medical journal
titled "Particle-beam-dependent optimization for Monte Carlo simulation in hadrontherapy using
tetrahedral geometries.” Finally, chapter 4 presents the extension of the optimization method to
incorporate the movement of organs. We first outline our method for updating the density map
of the tetrahedral mesh, then we introduce the strategy for the computation of the reference water

equivalent path length.



Ever tried. Ever failed. No matter. Try Again. Fail again. Fail
better.

Samuel Beckett

Motion-induced Monte Carlo dose calculation

using deformable tetrahedral meshes

2.1 INTRODUCTION

In this chapter, we describe our method to calculate the dose in Monte Carlo simulations using
deformable tetrahedral meshes. Thus by using a step-by-step approach that first creates a 3D tetra-
hedral model of the human anatomy, then incorporates the breathing motion into the model. Fur-
thermore, we compute the dose accumulation over time on every tetrahedron to produce a 4D
dose map resulting from Monte Carlo simulation. At the end of this chapter, we will discuss the re-
sults of our method by using a Geant 4 platform implementation and furthermore study the effect
of mesh level of detail on the dose. As a perspective, we will discuss the flows of our approach and

offer an improvement for it.

20
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2.2 DOSE CALCULATION METHODS

Having a direct measurement of the spatial distribution of the delivered dose is not yet clinically
possible. Therefore, the prediction of dose distribution inside the patient geometry relies on cal-
culation models that simulate the passage of particles through matter. The calculated dose needs
to be as accurate as possible to the prescribed dose in order to validate the treatment plan. More-
over, the calculation accuracy determines at what extent the treatment plan reflects the real physical
interactions between the beam and the traversed tissues. Furthermore, it might influence treat-
ment strategies concerning treatment margins or beam parameters. Three main dose calculation
approaches are used in hadron therapy: pencil beam, ray-casting, and Monte Carlo methods. The
first two approaches are analytical methods that use a deterministic algorithm that generates an
identical outcome for a given set of input parameters, while the last one is based on a statistical
method that generates a large number of random events. In the following, we will describe each

method in more detail.

2.2.1 PENCIL BEAM ALGORITHMS

Pencil beam methods (PB) use deterministic but empirical algorithms to model the transport of
particles in a medium [73] [74] [75] [76]. They represent the treatment beam with a piecewise
physical and geometric approximation such as every pencil beam provides enough accuracy in the
calculation of dose deposition in the patient geometry along its path. The final dose distribution is
the result of the accumulation of all individual contributions of pencil beams. Pencil beam models
take into account the possible degrees of freedom of the radiation field and simulate interactions
with the medium using geometry slabs around the pencil beam axis. One of the main limitations
of these methods is the fact that they are insensitive to heterogeneities lateral to the bounding en-
velope of a given pencil beam. Moreover, their accuracy is compromised by the simplifications
and assumptions built into them. In 2017, the authors in [77] have concluded that analytical algo-
rithms in proton therapy should not be considered for dose calculation of Lung tumor since they
can overestimate the dose to the tumor by up to 46 %. They have also compared PB approach
to Monte Carlo based methods using an anthropomorphic phantom, and they showed that MC
algorithms produce much better results and are in a better agreement with the real physical mea-

surements.
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2.2.2 RAY-CASTING ALGORITHMS

Also known as depth penetration or broad beam methods, ray-casting algorithms (RC) [78] [79]
[80] [81] are very similar to pencil beam methods. Instead of using physical pencil beams, they
subdivide the treatment beam into rays, and they track them along straight lines through the patient
geometry to calculate the dose contribution only on the points belonging to their path. The dose

value of a given point P(x, y, z) in a ray parallel to the z-axis is defined as follow:
D(P) =W X Ipp(E, WEPL(P)) X K(x — x4,y — ¥o,0)

Where Wis the number of particles (or weight), Ipp is the integral dose and K is the kernal which
is a 2D function containing the lateral beam model. E is the energy and ¢ is the width of the beam
and it contains the contribution from the initial beam shape. Finally, the WEPL(P) is the water
equivalent path length along the ray intercepting the point P and it is defined in [82] as : WEPL(P)
=t,=t, /;—:‘ % , where t,, and t,, are the thicknesses of water and the target material, respectively. p
and p, are the mass densities of water and the material, respectively. Finally, S,, and S,, are the mean
values of mass stopping power for water and the material, respectively. Since that the calculation
of the dose in a given point depends only on the ray passing through that point, the time needed
to simulate the particle transport is much less than the time required in PB algorithms. Hence, ray

casting approaches are suitable for applications that demand short calculation times like treatment

plan optimization even though they are less accurate than PB.

2.2.3 MONTE CARLO METHODS

Monte Carlo methods (MC) [83] [84] are considered the most accurate dose calculation meth-
ods since they model explicitly each particle interaction in the patient. Nevertheless, to reach a
high level of accuracy and to obtain low statistical uncertainty, more particle events need to be
simulated. In a Monte Carlo approach, the final dose distribution is obtained by calculating the
contribution of all individual particles. However, prior to that, the simulation starts with randomly
generating a number of events from a set of possible combinations given by the beam phase space
which contains information about the beam shape, divergence, particle composition, and energy
distribution. Furthermore, the simulation of the passage of particles in the patient geometry is trig-

gered starting from the particle source. The algorithm processes the particles one after the other



Motion-induced Monte Carlo dose calculation using deformable tetrahedral meshes 23

and calculates their trajectories in a step-by-step fashion. A random sampling from one or several
probability distributions is used to define the behavior of a particle in a given step and decide if
it will be annihilated, change direction, absorbed, or change energy and thus by using theoretical
physical models and experimental cross-section data. Additionally, the energy deposited in the de-
tectors is recorded, and then both the primary particle and the resulting particles (i.e., secondary
particles) continue to be traced in the same way. This process is called tracking, and it operates on
the tracking geometries that could be the patient geometry or the beamline equipment. Finally, the
result of the entire process is a statistical dose distribution with a precision defined by the number
of simulated particles. Unlike analytical methods, Monte Carlo simulations don’t only take into
account the tracking geometries but also tissue inhomogeneities along the treatment beam by in-
corporating the materials and their physical properties, like the chemical composition, mass and
electron densities and the mean excitation energy. They even simulate secondary particles pro-
duction. These reasons make this method the gold standard for conventional radiotherapy and
hadrontherapy since it converges the best to the real dose map. Nonetheless, the main limitation
of MC methods is the time required to simulate and track particles, which can restrict their use in
routine treatment planning [85]. The time and the number of particles in a given simulation are
determined by the desired accuracy of the dose distribution which depends on the level of statisti-
cal uncertainty, the chosen step size, the spatial resolution of the dose grid and also on the number
of physics interactions that the particle undergoes during the tracking. The adopted step size needs
to be small to ensure that the difference of the cross sections at the extremities of the step is small.
A larger step size could be used to reduce calculation time at the expense of the simulation preci-
sion in regions with low interest. Moreover, Monte Carlo codes usually apply different methods
to guarantee suitable step sizes especially in regions close to boundaries where a variation in the
material is encountered. In the last decades, the interest in using Monte Carlo methods in hadron-
therapy has increased with the high-performance machines and parallel computing capabilities. To
design and execute a Monte Carlo simulation in Hadrontherapy, multiple software solutions exist,
for example: FLUKA [86] [87], Geant4 [88][89], MCNPX [90] [91], VMCpro [92], Shield- Hit
[93]. Generally, the user provides an input file that contains the simulation settings and parameters
including the beam energy, the geometry assembly and the physical processes to use. As a result,
the MC code generates typically information about the tracked particles in every step in a form of

histograms. The level of control during the tracking differs from a MC code to another depending
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on the interface provided to the user. In the case of Geants, every parameter (e.g, step sizes, and
material constants) can be adjusted and modified since the code has the form of oriented-object
toolkit libraries in which the processes are organized using a C++ class structure. In this work, we
will use Geanty for its flexibility and its ability to incorporate new modules in its code. Finally, it

gives control to the lowest level of physical interactions.

2.3 RESPIRATORY MOTION ESTIMATION

The treatment plan procedure must track the continuous changes in the patient’s anatomy over time
to ensure the delivering of the planned dose to the target during breathing. The tracking includes
not only geometrical transformations but also the physiological changes of the tissues, as the range
of ion beams depends on the density and the chemical composition of the traversed tissues. Since
the clinical and direct measurement of organs’ deformation is, at least currently, not possible as ex-
plained in the previous chapter, two main strategies have been defined to provide an estimation of
the deformation between different breathing cycles: image registration and biophysical modeling.
For both methods, the final aim is the calculation of a deformation vector field (DVF) that rep-
resents the transformation that the geometry undergoes to go from a breathing phase to another.
Image registration use similarity measures between 3D frames of the 4D images based on the in-
tensity values or features like closed-boundary regions and edges. On the other side, biophysical
(or biomechanical) modeling rely not only on the images but also on the breathing physiology and
physical properties of organs. The two methods will be briefly described in the following sections.

2.3.1 IMAGE-BASED MOTION ESTIMATION APPROACHES

These methods are widely used in modern medical imaging to determine the spatial correlation
between different image acquisitions, and they consist of the so-called Deformable Image Regis-
tration techniques (DIR). These techniques estimate the motion vector field between two images
by optimizing similarity measures of individual voxel intensities. The first image is referred to the
moving or the source image and the second one is called the fixed or the target image. Furthermore,
the optimal transformation is achieved by means of an energy minimization problem applied to the

two images and defined in [94] as follows:
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argmeinA (F,MoT (0)+R(T (0))

Where A is the first term of the energy and it represents the level of alignment between the
fixed image F and the moving image M using a transformation 7~ characterized by the parameter
6. Furthermore, the term R regularizes the transformation 7 and can be used to privilege de-
formations that are consistent with the patient’s anatomy. In the case of breathing motion, DIR
creates a voxel-to-voxel displacement map that associates to every voxel from a reference breathing
phase its corresponding voxel in any other phase. More exhaustive reviews can be found in [95]
[96][97][98][94][99][100]. Since that the clinical patient deformation is hard to predict, the vali-
dation of any deformable image registration method is challenging. In fact, the three main methods
used to verify and validate the resulted deformation vector fields (DVFs) are respectively based on
: anatomical landmarks [101] [ 102 ], anthropomorphic phantoms [ 103 ] [ 104], and mathematical
phantoms [105] [106]. Brock et al have conducted a study on the performance of a set of DIR al-
gorithmsin [107] and they concluded that the registration accuracy of the bulk of these algorithms

is near the voxel size if a good image contrast is available.
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Figure 2.3.1: The result of a deformable image registration algorithm applied on a phantom.
The deformed grid represents the transformed pixels of the source image using the deformed
vector field (DVF).

Moreover, DIR algorithms are not only used for motion estimation, but also in the treatment
planning stage for dose accumulation as will be discussed in the following sections. Additionally,
the resulted deformation field is used to deform the organs during the particle-matter interaction.
Finally, it is worth mentioning that the registration uncertainties have direct consequences on fur-

ther treatment planning stages as dose calculation and accumulation.
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2.3.2 BIOMECHANICAL METHODS

Unlike DIR-based approaches that only take advantage of the 4D sequences of images, the biome-
chanical or biophysical models benefit additionally from the physical properties of organ’s tissues
and their breathing physiology to estimate the internal deformation during respiration. They are
often associated with Finite Element Methods (FEM) since FEMs are used to solve the partial
differential equations of the mathematical formulation of the modeling process. More precisely,
biomechanical models use continuum mechanics and the mechanical properties of the respiratory
system such as the tissue’s elasticity, to model the organ motion. Moreover, the patient’s organs are
extracted from corresponding images and modeled using a discretization process that generates a
mesh of small elements called finite elements. Furthermore, the displacement of each node is cal-
culated by applying the forces engaged in the respiration process. Biomechanical modeling could
also be used as an additional constraint for image registration to enhance the quality and the ro-
bustness of the field estimation. Even though biomechanical modeling of respiration dynamics has
been addressed by [ 108][ 109] in the early 1970s, it has gained particular attention from researchers
over the last two decades, especially for radiation therapy application.

Villard et al. have simulated the pulmonary ventilation using a 3D idealized deformable model
of the respiratory system calculated with the finite element method [66]. They have extracted sur-
face displacements using external thoracic movement alongside airflow and abdomen external mo-
tion. [110], [111] later adopted a similar approach in which they have developed a patient-specific
model from 4D computed tomography data. The interactions between the lung surface and the
chest cavity were taken into account by applying pressure forces to the 3D mesh surfaces that rep-
resent the geometry. In these works, negative pressure was used on the lung surface to mimic the
physiology of the respiratory system and to trigger the deformation of the lungs. Additionally, the
increasing volume of the lungs is bounded by either the final intended lung shape generated in the
maximum inhalation or the surface of the chest cavity to ensure realistic outcomes. Furthermore,
AL-Mayah et al. have conducted a series of studies that address the simulation of lung ventilation
mechanism in [112] [113] [114]. They have created a biomechanical model containing a small
lung tumor, and instead of utilizing the pressure to simulate the deformation, they have employed
the geometrical differences between inhale and exhale as boundary conditions. Later in [115],

Karami et al. have developed an in vivo patient-specific lung model with variable tissue incom-
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pressibility and thoracic pressure to obtain more accurate deformation. However, even though the
lung model was calculated with FEM, the diaphragm’s motion was generated using image registra-
tion. Additionally, tissue deformation was only considered for the lung’s base, and the respiratory
system hysteresis was neglected. A more realistic patient-specific biomechanical model based on
the diaphragm’s behavior as well as rib kinematics has been introduced by Didier etal. [67], and fur-
ther improved by Ladjal et al. and Girouxetal. in [116] [117] [118] [72]. Interestingly, the model
can also be guided by external respiratory surrogate signals generated using spirometer andor ab-
domen surface. The whole geometry of the thorax was modeled including lungs, tumor, rib cage,
diaphragm, mediastinum, and the spine. Finally, the effectiveness of the model was validated using
a comparison study between the FEM simulations and the 4D image sequences. Furthermore, to
simulate the complete respiratory cycle, the authors in [ 118] have used not only a patient-specific
patient geometry but also a personalized physiological compliance (pressure-volume curves) to

define lung pressure and the parameters of diaphragm’s forces (see figure 2.3.2).
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Figure 2.3.2: (a) Biomechanical model of the thorax including lungs, rib cage, and di-

aphragm. (b) Physiological compliance calculated for lung for five patients. Image taken from
[118].

2.4 MODELING OF MOVING ORGANS IN HADRONTHEPAPY

To simulate particle-matter interactions in Monte Carlo simulations, both the treatment beam line

equipment and the patient’s geometry need to be modeled. The patient’s geometry is represented
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by what is called computational phantoms. Human computational phantoms are widely used for
multiple areas of medical research, particularly for radiation dosimetry. They represent the anatom-
ical features of the human body and define the geometry of organs in which radiation interactions
are to be calculated. Besides the geometry definition, a computational phantom describes the tis-
sues mass density and the chemical compositions in order to allow the Monte Carlo code to sim-
ulate particle transport through matter as well as the energy deposition. Three major families of
phantom exist Voxel-based, surface and tetrahedral models. The focus of this study will be on tetra-
hedral geometries.

Radiation therapy aims at delivering a lethal dose of ionizing radiation to tumor tissues while
sparing the surrounding tissues from the adverse effects of radiation. However, ensuring a homo-
geneous dose inside the tumor in lung cancer is challenging, since that the respiratory motion dur-
ing irradiation reduces the target coverage and increases dose deposition within healthy tissues. To
calculate and to ensure sufficient dose coverage throughout the treatment, a first margin is added to
the gross tumor volume (GTV) to compensate the movement, this is known as the clinical target
volume (CTV). Additionally, a planning target volume (PTV) is also defined to allow for planning
uncertainties in the treatment. The addition of these margins leads to an excessively large PTVs
that would go beyond the patient’s dose tolerance and does not reflect the actual clinical conse-
quences. Moreover, in the case of Hadrontherapy, apart from the ballistic problem caused by the
target movement and deformation, the organs density variations also affect the particle range which
can lead to unwanted dose distributions. Current 4D-dose-calculation techniques based on voxel-
based structures and deformable image registration (DIR) [119][120][121][122] [123] can not
adequately take into account the organ density variations during respiration because they don’t
rely on the anatomy and the physiology of the respiratory system. Besides, the anatomical fidelity
of voxel phantoms depends strongly on voxel size especially for thin tissues like ribs and bone mar-
row. They also have stair-stepped surfaces that can provoke additional uncertainties in some dose
calculation scenarios [ 124]. Often, these methods are accomplished by optimizing similarity mea-
sures between image sequences which make it difficult to simulate advanced interactions between
organs like lung sliding. Most of all, these approaches are not suitable for organs such as lungs that
undergo large deformations.

The limitations of voxel-based phantoms have pushed many authors to develop deformed surface-

based computation anthropomorphic phantoms [125] [126] [127] [128] [129] [130] [131] [132]
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[133][134] [135]. They offer an accurate organ representation with smooth surfaces that can also
model thin and complex geometries. At the same time, they have shown high capabilities in de-
formable anatomy and respiratory motion simulations. However, since that these models have
been developed initially for medical imaging, they suffer in Monte Carlo particle transport simula-
tions, considering that they can not represent the spatial density map of heterogeneous mediums
like the patient tissues. Moreover, the Monte Carlo simulation time needed for the surface-based
models is much slower than the corresponding voxel-based structures.

To overcome these problems, alternative methods based on tetrahedral geometries have arisen,
in which the internal motion is described using either Biomechanical models based on finite ele-
ment method or DIR. As opposed to the conventional-voxel-based representation, organs are rep-
resented by a deformable tetrahedral grid where the movement is defined by vertex displacements.
Tetrahedral-based methods are increasingly used in medical research due to their compact repre-
sentation of the human body and their better description of complex organs with smooth surfaces.
As for motion compensation simulations, these methods have even more advantages considering
their ability to appropriately alter organ shape and the fact that they offer a more precise tissue
tracking. The latter property is guaranteed since every tetrahedron represents a piece of matter
that endures deformation during breathing while maintaining its mass and topology. Apart from
geometry features, these models describe also the tissues mass density and the chemical composi-
tions to allow the Monte Carlo code to simulate particle transport through matter as well as energy
deposition.

Tetrahedral geometries were investigated by several authors for Monte Carlo particle transport
simulation to demonstrate their computational efficiency compared to surface-based models [ 136][137],
[138],[139], [140]. Authorsin [141] and [142] have used the tetrahedral mesh generated from a
closed tessellated surface as an acceleration structure for navigation in Geant4 Monte Carlo code
[143] [144]. They demonstrated that the navigation time is reduced by two orders of magnitude
since that the computations are performed only on local tetrahedra rather than the entire tessel-
lated surface. However, even if the Monte Carlo simulation time is improved, the geometry load
time of the tetrahedral mesh is twice the time needed for loading the equivalent tessellated solid.
The same approach was used by [ 145] to simplify the geometry of a polygonal computational hu-
man phantom named PSRK-Man [ 146] to create the equivalent tetrahedral-based phantom. This

geometry was also exploited to represent the density variation inside organs, which is considered
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one of the limitations of tessellated solids.

To incorporate the movement in tetrahedral geometries, some authors have developed other
approaches to compute four-dimensional dose distributions for Hadrontherapy. [147] have pro-
posed a model for liver cancer treatment. They create two voxel-based density maps at the extreme
phases of the breathing cycle that are used in dose calculations. Then, the dose value for each tetra-
hedron is approximated as the dose deposited in the voxel closest to the centroid of the tetrahe-
dron. The model of [ 148] is based on mass-spring models where each tetrahedron has its specific
density value. This value is obtained by taking the density value of the voxel containing the cen-
troid of the tetrahedron. This method will be referred to as the centroid mapping (CM) in the
rest of the document. Afterwards, the meshes are voxelized to perform dose calculations then the
3D dose distribution for each phase is remapped to the reference phase. Furthermore, authors in
[149] have created a tetrahedral mesh for 4D Monte Carlo dose calculations by integrating organs
movement issued from deformable image registration (DIR). Their results show that 4D tetrahe-
dral geometries give accurate dose distributions. Nevertheless, they haven’t detailed the method
used for density mapping and tissues definition. Manescu et al. [150] [151] have developed a
more sophisticated model coupled with a biomechanical model of the liver, that uses a continu-
ous density function inside the mesh. Thus by mapping the densities issued from CT-images to
the nodes of the tetrahedral mesh instead of its elements. This has the advantage of having a dif-
ferent density value for each point inside the mesh and more importantly preserving the mass of
tissues since it respects the mass conservation principle. However, the accuracy of their algorithm
depends strongly on the density heterogeneity of the mapped tissues and also to the number of
tetrahedra representing the mesh. This method is known as the Continuous mass conserving map-
ping (CMCM). For particle transport simulation, they had voxelized the mesh and calculated a 3D
dose map for every breathing phase. Moreover, these resulting maps were remapped back on the
tetrahedral-based model for dose accumulation. The CMCM method will be further detailed in
the next section.

Furthermore, to avoid the generation of intermediate voxel-based densities, we have implemented
in [152] a 4D tetrahedral model on Geant4 to be able to perform simulations directly on the mesh.
We have employed alung geometry to evaluate the dose distribution in motion-compensated Monte
Carlo simulation. Thus, using the movement generated using deformable image registration algo-

rithm (DIR) applied to the 4D CT scans. Finally, we compared it to the corresponding voxel-based
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model. We demonstrated that the two 4D dose distributions are quite similar and that the tetrahe-
dral model gives promising results for dose calculations. We have nevertheless used a very refined
model to describe the organs which engendered a high-cost computation time. As for the density
mapping, they have defined the density of a tetrahedron as the mean density of the density values
on the vertices. Our method will be referred to as the Mass conserving mapping (MCM).

2.5 CONTINUOUS REPRESENTATION OF MOVING ORGANS

Petruetal. In ([150][151], [71]) have adopted another approach based on tetrahedral geometries
to model not only the human anatomy, but also the organs deformation during breathing. This new
method usually used in biomechanical modelling, takes advantage of the geometrical and topolog-
ical properties of tetrahedrons to address the problem of deformation and movement. They have
proposed a continuous representation of the human body where each organ is described with a
deformable tetrahedral mesh. Additionally, the values of interest of the physical quantities of the
medium inside the mesh are mapped onto the vertices of tetrahedrons. This approach is inspired
from finite element methods and it ensures the continuity of the represented quantities such as
mass density or dose. Contrarily to the voxel representations where only one discrete value repre-
sents the physical quantity of the medium inside a given tetrahedron, in this method, the physical
point inside a tetrahedral element depends on its relative position inside its enclosing tetrahedron.
Hence, they have first distributed the physical quantity to the vertices of the tetrahedral mesh then
they have used a linear interpolation to calculate the physical value. As a result, they could calculate
aunique value of each physical point inside the domain of the modeled tissues. The novelty of this
method resides in using a unique model to represent multiple physical quantities like density or
dose.

The choice of the tetrahedron over the voxel as the basic element for the modeling of both the hu-
man body and the movement simulations was backed by several advantages. First, for geometrical
reasons since that tetrahedral meshes provide a better description of complex volumes and allow
for smooth surfaces that are well suited for internal organs. Moreover, the triangular surfaces can be
quickly and easily tetrahedralized to create a volumetric representation of the organs. Additionally,
the tetrahedron is considered a 3D-simplex which is an element that can be used to build any other

3D shape including prisms, pyramids or even hexahedra. Another benefit of using a tetrahedron is
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its ability to maintain its topology during deformation since that whatever the transformation that
its vertices undergo it will remain a tetrahedron. While, a deformed hexahedron can become a do-
decahedron if it’s subject to large deformations. Additionally, tetrahedral meshes allow for precise
tissue tracking during motion compensation simulations since each element represent a piece of
matter that preserves its mass and topology during breathing. Finally, they offer a good structure
for energy and dose accumulation.

Dose calculation simulations require a detail description of the human anatomy to estimate the
energy deposition along the traversed tissues, therefore, creating a model that represents the den-
sity of the medium and its chemical composition is essential, especially in Monte Carlo simulations.
To this end, the authors in [ 150] have introduced a new approach that maps the density informa-
tion issued from 3D CT images to the corresponding deformable tetrahedral mesh. This method s
based on the principle of mass conservation and it correlates the geometrical deformations of the
mesh with the density variation during respiration.

Since that this method represents the foundation and the starting point of our work, we will in-
troduce it in detail in the following section. But before that, we will lay the groundwork by defining
the mathematical notations to be used in the rest of the document. Thus, by describing the tetra-
hedral elements and the distribution of the physical quantities on the mesh. It is worth mentioning
that this method is intended to map any physical quantity in a tetrahedral mesh, but it will be only
discussed for mass density mapping.

Two structures will be used to represent the volume of the human body, the voxel-based and
tetrahedral-based structures. The former represents the CT-scans and it is required since it is the
source for HU numbers and density values. It will be denoted as ) and V; reprents a given voxel
i. Finally, ny will represent the number of voxels in the image. A tetrahedral mesh representing
the same volume will be denoted by 7™ and it is defined as a set of tetrahedral elements T; with
nr the number of tetrahedrons and nygr the number of vertices. Furthermore, we define every
tetrahedron T; by its four vertices VER, VER), VERQ, and VERQ as illustrated in figure 2.5.1.

Since that the vertex is relative to the tetrahedral element, a shared node is denoted differently
according to the referred tetrahedron. For example the nodes VER, and VER ™" referred to the
same vertex. Furthermore, to incorporate the movement and the deformation of the organs, a
displacement vector is specified for each vertex as shown in figure 2.5.2. A given vector represents

the node displacement from a time step t (E.g. a breathing phase) to another step ¢ + 1 and it is
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VER{

VER, VER/*!

VER} VER,*!

VER,"!

Figure 2.5.1: Notation used for tetrahedrons. T; and Tjy, are two adjacent tetrahedrons.

denoted by:
AU ;(t = t + 1). Thus, during simulation, the position of the vertex is updated as follow:
VER,

VER(t+1) = VER(t) + AU _(t — t+1).

VER,

As explained earlier, image-based models describe the patient anatomy as a set of 3D images
taken at different time intervals. These images are related to one another using a vector field con-
taining the relative displacement of each voxel. Additionally, the physical value of interest is the
same for all the points inside a voxel. To distribute a given information function F on the vertices
of a tetrahedral mesh, Petru et al. assumed that it varies linearly within a tetrahedron and they de-
fined the density information function as follow: f = j—i. This function estimates the physical value

of a given point inside the tetrahedral element by using the values calculated on the vertices.
T, — Ry

LI . LA (2.1)
p=) WVER — f(p) =) Nf)
1 =1

fi

Where f]l =f (VERJZ) and l; with I € {1,2,3, 4} are the barycentric coordinates of the point p
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Figure 2.5.2: Tetrahedral mesh deformation from the time step t to t + 1. Deforming the
tetrahedron T; using vertex displacement.

inside the tetrahedron T;. Furthermore, the integral of the function f over the tetrahedral element

can be approximated linearly by:

B=rr) = [ =03y ()

The proof of the equation 2.2 is detailed in Appendix A.
The next step consists of defining the value of the density function of all the nodes of the tetrahe-
dral mesh. To achieve that, the equation 2.2 is written for all the tetrahedrons T; of the mesh, which

leads to a linear system with nr equations and nygr unknowns. The system is written as follows:

Ax =F
(2.3)
A =1 0OM
4
With x the vector of the values of the mesh nodes and F the integrated values inside a tetrahedron.

The vector F contains all the elements of the mesh F; with j = 1, , ny. Additionally, the matrix Q is

defined as follows:
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Vol(T,) o 0
Vol(T,
o o (T,) o
o o o Vol(T,,)

The matrix M is a np X nygg sparse matrix that indicates if a given node i belongs or not to the
tetrahedron T; by putting 1in M; ; or o otherwise. Since that there are more elements in a tetrahe-
dral mesh than vertices due to the fact that a given vertex can be shared by multiple tetrahedrons,
the final system in equation 2.3 is overdetermined and can be solved using a least-square method.
Finally, the solution will ensure the continuity of the information throughout the entire mesh as
well as the information inside the elements.

In the case of the density map needed by the Monte Carlo code to perform dose calculation,
the density values defined on the tetrahedral mesh are calculated using a method defined in [150].
For this approach, the CT-image is used as the source of density information and then, the values
are mapped to the tetrahedral. Once the density information is defined on the tetrahedral mesh,
the next step is to compute the density variation during deformation, for all the breathing phases.
To address this challenge, Petru et al. in [71] have classified the organs tissues into three different
types: Constant volume tissues, variable volume and variable mass volumes tissues. The aim is
to update the information of density on the vertices. The first category contains tissues with a
high density like bone. Since it is very hard to change their volume even with considerable forces,
the node density values belonging to tetrahedrons of bone structures remain unchangeable. For
variable volume tissues such as soft or fat tissues, the density on the nodes needs to be recalculated.
In this case, the principle of mass conservation is used to preserve the mass of each tetrahedron

after deformation:

5 b = Sl S (o)

vol(T}) (t) 2=

Writing this equation for all the nodes and solving the resulting linear system gives the new val-

I=1

ues of density.
The last category of tissues corresponds to internal volumes that show a mass change between

two temporal frames such as the bladder or the in our case the lungs that change their mass while
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filled with air. Therefore the mass becomes:

m(T;)(ti) = m(T;) () + Amf" (6 — tip,) (2:5)

Where Amf‘i’(ti — t;1,) is the mass of air inhaled per tetrahedron between f; and ¢, .

2.5.1 RESULTS

Although the continuous representation showed interesting results in [151] and [71], it has some
weaknesses related to its continuous nature. This is manifested by a poor outcome in discontin-
uous mediums which can be solved by creating sub-regions. Another drawback is related to the
time needed to update the information on the vertices of the mesh since that for every breathing
phase the continuous function has to be recalculated to cope to the deformation of the mesh. Ad-
ditionally, the tetrahedral mesh has to be voxelized before Monte Carlo simulations since the MC
software packages don’t support the aspect of continuous density, and they only require a single
density value for every tetrahedron element.

To address these problems, we have defined a discrete version of the continuous representation,
that considers a unique value of density per tetrahedron and calculates it using the densities on
the vertices of the tetrahedral mesh. In the following, we will describe our method named MCM
for mass conservation method by first describing the process of density mapping. Then, we will
show the dose accumulation process, and we finish by describing the Geant4 implementation and

evaluating it using spheric and patient cases.

2.6 TETRAHEDRAL MESH CREATION AND DENSITY MAPPING: FROM VOXEL-BASED

GEOMETRIES TO TETRAHEDRAL MODELS

This section describes the methodology of using deformable tetrahedral meshes in Monte Carlo
simulations. We start by describing how to create a tetrahedral material density map starting from a
CT image. Next the dose accumulation process is described, and the section ends with an example

of implementation based on the GEANT 4 toolkit.
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2.6.1 MAPPING VOXEL DENSITIES INTO TETRAHEDRAL ELEMENTS

The primary source of patient data for the present work is CT scan data, as they contain information
related to the material densities needed for simulating particle-matter interactions. A CT image is a
voxel map oflinear X-ray attenuation coeflicients of the different tissues to be visualized. The voxel
values are scaled such that the linear X-ray attenuation coeflicient of air equals -1000 and that of
water equals zero. This scale is the Hounsfield scale with the unit HU. Schneider et al. present a
method to convert Hounsfield values into tissue parameters (mass density and chemical composi-
tion) needed for dose calculations [ 153 ]. Figure 2.6.1 depicts the flowchart of a three-dimensional

tetrahedral density map creation.

Density map

| Hounsfield units
to density

> Density mapping

Figure 2.6.1: Flowchart of tetrahedral model construction: from 3D-CT to tetrahedral den-
sity map. Each organ is described by a tetrahedral mesh obtained from 3D CT images. The
CT images are first converted into voxelized mass density maps which are then mapped to the
tetrahedral elements of the meshes.

Tetrahedral mesh generation: 'The first step in generating tetrahedral models is the processing of
CT data. In this context, images are at first preprocessed by thresholding the image intensities.
Next, the organs of interest are segmented using the snake evolution method [154] based on ac-
tive contours. Besides, triangular surface meshes corresponding to the organs are extracted using
the marching cubes technique [155]. Given that the resulting meshes are very dense, we used the
ReMESH software to simplify these surface meshes [ 156]. Further on, these meshes are converted
into tetrahedral meshes suited for finite element analysis applying the tetrahedralization algorithm
based on the Delaunay technique [ 157]. For this, we used both the Abaqus FE software developed
by Dassault System as well as the Tetgen software [158].
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Density mapping: The density mapping process aims at defining the density distribution of the
mediums simulated by the Monte Carlo code. Thus, by mapping the densities from CT-images
to the tetrahedral meshes. We define the Mass Conservation Mapping method (MCM) as the
discrete version of the Continuous Mass Conservation Mapping (CMCM) method proposed by
[150][152] and described in the previous section (section 2.5). In CMCM a continuous density
function is defined inside the domain of the mesh by calculating the density values of the vertices.
These values are further used in MCM to calculate a single density value for each tetrahedron by

taking the mean of the densities of the vertices ( see figure. 2.6.2).

CMCM (Manescu et al.) MCM CM ( Ishikawa et al.)
P1

/\ N\ /\
/ /

\
/ \\ /

P2 P3
p=f(p1,p2,p3) pP=7 P = Po

Figure 2.6.2: Density mapping methods, fis a linear interpolation function. Left: Continuous
Mass Conservation Mapping (CMCM). Center: Mass Conservation Mapping (MCM). Right:
Centroid Mapping(CM).

Cel troii\

v: the voxel containing
the centroid

A second approach to calculate the mean density in MCM is to calculate the total mass of the
parts of voxels that superimpose the tetrahedral element then deduce the density value using the
volume respecting the principle of mass conservation. The mass of each tetrahedron is computed
by intersecting the tetrahedral mesh with the voxel grid. The mass of a tetrahedral element can be
expressed as the sum of the volumes of intersection between the tetrahedron and the grid of voxels.
Let J, = {j, I’,; # ()} where I],; = V; N T} represent the intersection volume between the voxel V;
and the tetrahedron T}. Then:

m(Te) = Y m(L}) (2.6)
J€Jk

Figure 2.6.3 shows a 2D example of calculating the mass of a mesh element as the sum of the
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MCM method Centroid method

Figure 2.6.3: Tetrahedral density map generation.The mass of a tetrahedral element equals
the sum of the masses of volumes of intersection between the tetrahedron and the grid of
voxels. Example of applying equation (2.6) in a 2D space: m(Tx) = m(L}) + m(I;) + m(I}) +
m(L) + m(I{) + m(I{) + m(I7) for the MCM method. In the case of the Centroid Method:
m(T) = m(V5).

masses of the overlapping volumes. Next, a density value can be obtained for each tetrahedral :

Zje]k m(I],;)

p(T) = vol(Ty)

(2.7)

where vol(T}) represents the volume of the tetrahedron k. We are going to refer to this method
of assigning a different density for each tetrahedral element as the Mass Conservation Mapping
(MCM). For the rest of this chapter, the MCM method will be evaluated and compared to the
centroid mapping method (CM). The latter is an approach introduced by Ishikawa et al. [148],

and it defines the density value of a given tetrahedron as the density of the voxel containing its



Motion-induced Monte Carlo dose calculation using deformable tetrahedral meshes 40

centroid (see figure 2.6.2).

2.6.2 TIME-DEPENDANT DOSE COMPUTATION ON DEFORMABLE TETRAHEDRONS

Instead of accumulating dose distribution using regular grids of voxels describing the internal anatomy
at every time step during the respiratory cycle, we calculate the time-dependent dose deposition
on deformable tetrahedral meshes that contain material density information. The total dose distri-
bution inside a tetrahedron can be calculated as the integral of the energy distribution inside the

tetrahedron over its mass.

[Em)0-a

DTOTAL(T)) = T

J

(2.8)

In practice:

> Bl

DTOTAL(T)) = T

J

(2.9)

where E(T})(t;) is the energy deposited inside the tetrahedron T at the time step t; and m(Ty)
represents its mass and &i is the duration of the time step ¢,

Contrary to voxel-based methods that use image registration algorithms to track individual vox-
els from one frame to another, our tetrahedral-based method implicitly tracks the tissues as the
tetrahedral meshes maintain their topology from one deformation step to another. As an example,
the tetrahedron T}, at the time ¢4 will remain Ty, at the time ¢, and will be defined by the same four
vertices. Image-based methods that make use of linear interpolation for dose estimation cannot
fully take into account the change in the density of each lung voxel during ventilation, since the
dose deposited inside each voxel is computed as the energy deposited inside the voxel divided by
its mass, as discussed in [ 159]. Using deforming tetrahedral meshes, the density variations are im-
plicitly included in the simulations. In the following subsection, an implementation of this dose

computation method based on the GEANT4 toolkit is described.



Motion-induced Monte Carlo dose calculation using deformable tetrahedral meshes 41

2.6.3 GEANT4-BASED IMPLEMENTATION

Geants ' is a toolkit used for particle/matter interaction. it supports volumes defined by tetrahe-
dral elements. Poole et al. demonstrate that defining a volume as an assembly of tetrahedra reduces
the navigation time by two orders of magnitude as compared to a tessellated solid (closed triangu-
lar surface) often obtained by Computer Aided Design[ 160]. However, there is no notion of mesh
in Geant4 from a topological point of view, i.e there is no correspondence between the vertices
of the mesh and the tetrahedral mesh elements. Internal motion is described by mesh vertex dis-
placement and not by volume transformations, as it is usually done in most Geant4 applications.
For this reason, we have created a mesh-like structure where each vertex in the mesh has a unique

identifier and every tetrahedral volume (G4LogicalVolume) is associated to four vertex identifiers.

Logical volume at t Logical volume at t+1
AU,
/ \ N\ ?
LU \ AU; @
AU,
Delete the G4Solid volume
Load vertex displacement Displace vertices Create a new G4Solid Update Material

Figure 2.6.4: Deformable tetrahedron implementation using Geant4

Fig. 2.6.4 shows how the deformation of a tetrahedron T} from one time step t; to another ¢,
is implemented using the Geants4 geometry description. First, the solid volume (G4Tet) at the
time step t; is removed. Next, the positions of the vertices SI'.C describing the volume are updated:
S]’F(tiJrl) = S]’.‘(t,») + AUj(t; — tiy.),j = 1...4, where AU;(t; — t;y,) is the displacement of the
vertex Sf from t; to t;,. A new solid volume (G4Tet) is then constructed using the new position
of the vertices. The vertex displacement modifies not only the shape but also the volume of the
tetrahedra. Therefore, at each time step, a new density is calculated respecting mass conservation
principle. Finally, depending on density variation, the material properties of the logical volume
(G4Material) are updated. The deposited energy is thus calculated inside each tetrahedral element
at every time step t; and accumulated inside these elements. The geometry is updated at the begin-

ning of each time step t;.

Thttp:// geant4.cern.ch/
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Algorithm 1 summarizes this implementation.

Algorithm 1: Dose accumulation using Geant4 and deformable tetrahedral meshes. #,
and nr are respectively, the number of steps and the number of tetrahedra.

Initialize simulation: beam parameters, physical models, etc.
for 1 <i<n do

Modify geometry

Recalculate material densities

Shoot particles at the target

for 1 <j<nr do

ETOTAL(T) — ETOTAL(T) 4 E(T})()

end for

Calculate DTOT4L(T;)
end for

At first, the simulation is initialized, meaning that the beam parameters and the physical models
are set. Then, the simulation is divided into temporal frames (t;). For each temporal frame, the ge-
ometry of the tetrahedral meshes is modified as a consequence of calculated vertex displacements.
If needed, the densities of the material used in the simulation are updated. Next, a number of par-
ticles is shot at the target. This number of particles depends on the duration of the time frame.
During this step, usually referred to as a "run’, the geometry cannot change. For each tetrahedron
in the mesh the deposited energy during the run is calculated (E(T})(;)) and is added to the total
energy deposited in the tetrahedron ET°™(T}). Finally, once all the deposited energy has been

accumulated inside every tetrahedron T}, the dose values for each node of the mesh are calculated.

2.6.4 BEAM SHAPING AND CONFIGURATION

In order to take into account the shape of the tumor in hadrontherapy beam line simulation and
to improve the efficiency of treatment delivery, we have developed an algorithm that constructs
a patient-specific range compensator (RC) and multileaf collimator (MLC) from CT images (see
algorithm 2). These two devices are used in passive scattering to shape the beam and to minimize
the delivery dose in organs at risk (OAR).

The 3D voxelized image A is defined as a M x N X P matrix, we consider a voxel line (VL) as a set

of voxels aligned all together in the direction of the beam (z — direction) and it is defined as follow
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Figure 2.6.5: Beam shaping with range compensator and multileaf collimator. In this partic-
ular example we have 10 RC lines.

: VL = {A,-jk} fork = o,--- ,lwitho <1 < P. Let RC line be a VL that is with intersection
with the tumor and where [ is the index of the last voxel with intersection. The range compensator
is constructed based on the set of all the RC lines. In fact, for every RC line we construct a square
prism (SP) having the same width and height, and its depth is calculated using the water equivalent
thickness of all the voxels.

With regard to the collimator, it is created by adding square prisms around the range compen-
sator. A very dense material such as Tungsten has to be used to stop particles that are outside of
the field of the tumor.

To take into account the geometry of the tumor in dose delivery, a clinical target volume (CTV)
was defined. First, the gross tumor volume (GTV) was segmented using ITK-SNAP[161] for all
the phases of CT-data, then, a margin of 3 voxels was added. This value was deduced from the
lateral penumbra of the used proton beam to have a homogeneous physical dose.

We have defined a class called RangeCompensatorConstructor that takes as input the CTV vol-
ume and generates in a pre-processing phase a gdml (Geometry Description Markup Language)
file containing the XML description of the geometry and the materials used for both the range
compensator and the collimator. This file is loaded and parsed in run time by : G4GDMLParser
object, then, the resulting volumes are added to the simulation scene.

Besides, tumor depth and length are generated and passed to :sobpConstructor object in order

to configure the beam. As depicted in figure 2.6.6 The Spread-Out Bragg Peak (SOBP) is achieved
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Algorithm 2: Calculation of the depth of all square prisms in range compensator.

TumorMaxDepth = —infinity ;
foreach RC line;; do
foreach voxel in RC line; ; do
| SP;;.Depth+ = WaterEquivalentThickness(voxel)
end

if SP; ;. Depth > TumorMaxDepth then
| TumorMaxDepth = SP; ;. Depth

end

end

foreach SP; jin RC do
SP; ;. Depth = TumorMaxDepth — SP; ;. Depth

end

by using seven particle sources placed inside a water box to shift their range, each one of them
generates a Bragg Peaks (BP) with different number of particles.

this object creates a macro file containing the definition of all the particle sources used for the
simulation. 3 X 107 primary protons with 270 MeV energy were generated by all the sources. this

configuration allows an average statistical uncertainty for the dose deposited in the tumour below

2%.

2.7  EVALUATION AND RESULTS

In order to evaluate the tetrahedral-based dose accumulation approach, we have built a GEANT 4-
based application able to include deformable tetrahedral geometries together with the passive scat-
tering beam line. Simulations have been performed on two different phantoms in this study: A con-
structive solid geometry (CSG) spherical phantom, and a real patient case from the DIR-lab[162]
database. The purpose of this simulations was to investigate the differences between the tetrahedral

and the voxel-based models when accumulating dose distributions over time.

2.7.1  CONCENTRIC SPHERES PHANTOM

In the aim of quantifying the difference in the amount of dose between the tetrahedral and the

voxel-based structures, we have defined a CSG spherical phantom and then constructed the two
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Figure 2.6.6: Range compensator and S.0.B.P constructor

structures based on it. The derived dose distributions of this phantom were considered as our gold
standard in the evaluation. Three concentric layers of matter have been used: Tumor, Lung and
Bone tissues(i.e. layers o, 1 and 2 respectively) each of them with a different density value. Be-
sides, a scaling transformation with a factor of 1.3 was successively applied four times to the target
in order to mimic breathing motion and to have a total of five steps (i.e. step, to step, ). The defor-
mations that the target undergoes were exaggerated, with the purpose of showing the limitations
of voxel interpolation-based methods when dealing with important volume variations. The beam
line configuration described in figure 2.7.1 was used for all the simulation steps.

We have performed a Monte-Carlo simulation on the three representations with the aim of com-
paring the total dose deposited DD; in each layer [ over time. This measure is obtained using the

following formula :

4
DD; = ) DD(step), witho <1< 2

step=o

The constructive solid geometry (CSG) spherical phantom was implemented using a set of three
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Figure 2.7.1: Sphere simulation setup in Geant4. 10 disk sources particles are placed inside
the water envelop to generate the SOBP. A cylindric collimator is used to adapt the passive
beam to the inner concentric sphere (tumor).

spheres primitives in Geant4. With respect to voxel-based structure, we have used a cartesian grid of
voxels that contains the discrete representation of the concentric spheres. In the last simulation, we
have constructed the tetrahedral mesh by using Tetgen [ 163 ] on the concentric spheres triangular
surfaces, then, we applied the process of density mapping on it.

Energy deposition distribution was first investigated with the plotting of energy profile of the
concentric spheres with no motion for all the structures. Figure 2.7.2 shows that there is no com-
pelling difference between the three curves. In the motion compensated simulation, dose evalua-
tion was performed by accumulating dose values of each layer apart and calculates the dose relative
error in comparison with the gold standard.

We note that with the same configuration and the same movement we get a slightly better results
in dose accumulation with the tetrahedral mesh comparing to our gold standard (Table 2.7.1), even
tough fewer elements have been used (2522 tetrahedra vs. 10° voxels). This is due to the fact that
tetrahedral meshes represent better smooth surfaces, and also to the interpolation of dose values
in the accumulation process, which is not an issue for the tetrahedral model since it accumulates

dose inside the elements.

2.7.2 PATIENT CASE SIMULATION

We have used the case6 images from DIR-lab[ 162 ] data sets as a case study. It is a thoracic 4D-CT

image that contains a set of ten respiratory phases (Too, T10 ... T9o) covering a complete respi-
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Figure 2.7.2: Energy profile of static simulation for the three geometric configurations :
Geant4 primitives, tetrahedral mesh and voxelized map.

ratory cycle. The corresponding movement is generated using the deformable image registration
(DIR) approach commonly used in voxel-based 4D dosimetry. Furthermore, it is applied to both
tetrahedral and voxel-based structures to simulate the deformation. Therefore, even if errors of
registration exist, they will affect both representations in the same manner.

Figure 2.7.3 illustrates the process used to accumulate dose in respiratory-induced simulations.
The publicly available computer program for intensity-based medical image registration Elastix[ 164 ]
was used for this study. We have opted for non-rigid B-spline registration, represented by a sparse
grid of control points that covers the entire region to be registered. The transformation of a point
can thus be computed from only a couple of surrounding control points. The CT image of phase
Tso was defined as the reference image (3D density image step, ) in all the registrations. The output
of the previous registration is provided as an initial transformation to the next one, in order to min-
imize registration errors. As depicted in figure 2.7.3, the generated B-spline grid is not only used to
accumulate dose on voxel grid, but also to deform the tetrahedral mesh. Once we obtain the trans-

formations between respiratory phases, we perform Monte Carlo simulation on the two structures
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Tetrahedral model | Voxelized model

not refined | refined LR NN
Layer, 1.21 0.0235 | 0.4018 | 0.1448
DED(%) Layer, 3.16 0.0224 | 0.1834 | 0.0779
Layer, 3.87 0.1846 | 1.3558 | 0.6513

Table 2.7.1: Dose relative error of voxels and tetras comparing to gold standard of spheres
simulation. DED: dose relative error, LR : Linear ressampling, NN: nearest nightberhood. LR
and NN are two different methods used for interpolation (see Appendix A.2 and A.3 ).

Dose (x10~*Gray)
Dmin Dmax Dmean

HI

) Voxels | 0.64 | 1.77 1.41 | 1.30
No motion
Tetras | 0.40 | 1.97 1.41 | 1.30
Voxels | 6.82 | 15.0 12.72 | 1.60
With motion 509 7
Tetras | 3.45 | 15.50 | 12.93 | 1.47

Table 2.7.2: Evaluation of dose distribution in tumor volume. D, Dyaxs Diean are respec-
tively the minimum, the maximum and the mean dose deposited. Hi (Homogeneity index).

and then accumulate dose. In order to take into account the shape of the tumor in hadronther-
apy beam line simulation and to improve the efficiency of treatment delivery, we have developed
an algorithm that constructs a patient-specific range compensator (RC) and a multileaf collimator
(MLC) from CT images. These two virtual devices are used in passive scattering mode to shape

the beam and to minimize the dose delivery in organs at risk (OAR).

2.7.3 DENSITY EVALUATION AND DOSE DISTRIBUTION COMPARISON

To assess the accuracy of density mapping after the construction of the tetrahedral model, voxel-
based model, and tetrahedral mesh density distributions are compared. We define the density ab-
solute error(DAE) of a given voxel V;, as: DAE(V;) = |p(L;) — p(M;)|, V: is the DAEs image, I: is
the voxel-based structure, and M is the voxelized tetrahedral model. The histogram of DAEs shows
that 92% of voxels have a DAE less than 0.1 g - cm ™3, and the mean DAE of all the voxels is 0.05§
g - cm ™3 which is considered very low.

The calculation of dose distribution has been performed with Monte Carlo simulation approach

in which three million proton particles with an energy of 270 MeV were fired into the target for ev-
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Figure 2.7.3: Flow chart of 4D dose accumulation in respiratory motion-induced simulation.

ery step. While the resulting dose values are accumulated on tetrahedral elements in the tetrahedral
model, they are summed to the reference phase T 5o for the voxel-based model by using the inverse
transformation of the movement. As illustrated in Fig.2.7.5, dose distributions are almost the same
and dose values are in the same order of magnitude. To investigate dose homogeneity and unifor-
mity in the lung tumor volume, dose distributions are converted into 2D cumulative dose-volume
histograms (CDVH). These curves give the percentage of volume within a defined volume that re-
ceived more than a certain amount of dose. Besides, CDVHs also allow to define parameters like
maximum dose (D, ), minimum dose (D,;,) and mean dose (D,y,.,,) as well as homogeneity in-
dexHI = 1%55 , where D, and D, are respectively the minimum dose of 57 and 95% of the target
volume. The ideal value is 1 and it increases as the distribution becomes less homogeneous [ 165 ].
As shown in Fig.2.7.4, the CDVH curves fit very well even though there is a difference in HIs due
mainly to: the voxelization of the tetrahedral dose map, the DAEs and also the averaging out of the
density distribution. The last one is responsible for the over-estimation of dose in the tetrahedral
model, and also for having a higher HI. For the same reasons, a small difference between the values

of D,sin, Dynaxs Dimean is oObserved in table 2.7.2.
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Figure 2.7.4: Cumulative dose volume histogram (CDVH) deposited in the tumor. Left : no
motion, right : with motion.

2.7.4 DISCUSSION AND CONCLUSION

We have presented in this study a comparison between tetrahedral model and conventional voxel-
based structures, using a thoracic 4D-CT data of a patient case. An implementation of the de-
formable tetrahedral model was done using the Geant4 Monte Carlo code in order to simulate
particle-matter interactions. We have shown that the deformable tetrahedral model gives accu-
rate 4D dose distribution with respect to the voxel-based structure. The use of this model can
significantly improve the accuracy of dose calculations when organ motion is important since it
respects the mass conservation principle. Besides, it can be directly used together with biome-
chanical models based on FEM. Finally, an experimental validation based on a physical breathing
phantom would draw a definite conclusion, regarding the performance of our method to be used in
clinical cases. Furthermore, dose accuracy can be improved by refining the mesh and using more
elements. However, the simulation time will increase accordingly. In the next section, we define
a multiresolution tetrahedral model to study the effect of the number of tetrahedrons on the final

dose as well as the calculation time needed for the simulation.
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2.8 MULTIRESOLUTION TETRAHEDRAL MODEL CREATION

In this section, we will investigate the effect of the number of tetrahedrons in the mesh on the
dose distribution of Monte Carlo dose calculations, considering CM and MCM density mapping
methods. The main purpose is to find the optimized number of elements to have an accurate dose
distribution and also to reduce both loading and simulation times. This is achieved by constructing
a Multiresolution tetrahedral model that defines multiple levels of detail employing a user-specified
element volume constraint. Furthermore, we perform proton beam irradiation tests on a lung ge-
ometry to quantify the performance of MCM and CM methods in Monte Carlo dose computa-
tions using the Geanty platform. Note that several authors in [166] and [167] have simplified the
patient geometry in the conventional voxel-based structures in Geant4 to create accelerated struc-

tures hence by defining sub-regions.

2.8.1 MULTIRESOLUTION TETRAHEDRAL MODEL

Several image-to-mesh approaches have been proposed in the literature to generate tetrahedral
meshes from the image. Chernikov and Chrisochoids[168] [169] present an algorithm for tetra-
hedral image-to-mesh conversion. It allows for guaranteed bounds on the smallest dihedral angle
and on the distance between the boundaries of the mesh and different tissues. The proposed mesh
decimation procedure named Lattice Decimation (LD I2M) first generates a high quality refined
octree-based mesh then, coarsens it to alower number of elements with a vertex removal operation
by respecting the required bounds. This method has the advantage of generating a small number
of elements while maintaining tetrahedral element quality. The method has been evaluated using
real medical images of abdomen and brain, containing 75 and 149 tissues, respectively. Multiple
fidelity bounds were applied to investigate mesh size and running time comparing to tetgen and
Cgal. Final results proved that LD solves the small dihedral angle problem. However the number
of elements is quietly the same as the one of tetgen mesh, and much bigger than the CGal one.
With regards to the execution time, although, LD is better than tetgen, CGal shows that it is much
faster using the appropriate optimization algorithms. Even though this method produce good re-
sults, the user still not have the control of the organs surfaces. Since, the method uses only alabeled
image of segmented organs as input. Fang and Boas [ 170] have developed a toolbox for tetrahe-

dral mesh generation from binary and gray-scale medical images. It includes several available free



Motion-induced Monte Carlo dose calculation using deformable tetrahedral meshes 52

mesh processing tools and libraries. The mesh generator is based on the Delaunay method, there-
fore it inherits its drawbacks, like having very small dihedral angles. The region boundaries are
represented using the iso-surfaces constructed from the input image. In the case where there are
multiple regions, it is difficult for a surface mashing algorithm to produce a topologically correct
mesh free from self-intersections and overlapping regions. Besides, it generates a lot of faces that
require repairing and simplification. Courchesne et al. [171][172] propose an algorithm to gen-
erate a patient-specific tetrahedral mesh directly from the image data. They have built a metric to
control the mesh adaptation process. This method creates an anisotropic mesh that doesn’t unsure
element quality, and it is not suitable for biomechanical simulations of Lung cancer and also for
density mapping. The use of these methods creates an adaptive tetrahedral mesh where small ele-
ments are in high gradient regions. However, the presence of a lot of tissues with different density
values in the thorax tends towards producing small tetrahedrons in the entire geometry. Besides,
we found that it is equivalent to a uniform meshing with volume constraints. Next, we will present

our approach to create tetrahedral meshes with different level of details.

Tetrahedral model generation process: Fig. 2.8.1 depicts the flowchart of the creation of the mul-
tiresolution tetrahedral model. The same method was used in previous simulations.

The first step is the processing of CT data. In this context, images are firstly preprocessed by
thresholding the image intensities. Next, the organs of interest are segmented using the snake evo-
lution method based on active contours. Using the marching cubes technique, triangular surface
meshes corresponding to organs and tumor are extracted. Further on, they are converted into tetra-
hedral meshes using Tetgen software [173],[158] based on the Delaunay technique. Finally, the
mass densities are mapped to the tetrahedral meshes either on the element or on the vertices, de-

pending on the used density method.

Tetrahedralization and generation of different Levels of detail (LODs): : Once the organs of the pa-
tient are segmented (figure.2.6.1), the constrained Delaunay tetrahedralization method (CDT) is
used to tetrahedralize the surface of the mesh. This approach can generate meshes with different
resolutions by applying an upper bound f on the volume of the elements. Therefore, the algorithm
ensure that all the tetrahedra of the generated mesh have a volume bellow f. Thus, starting from

a refine mesh having the same resolution of the CT-image, the levels of detail are obtained by up-
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sizing the mesh elements volume gradually until reaching the mesh with the minimum number of

elements. The following formula defines the bound B, used in a given resolution i as:

ﬂizzixv , 122 (2.10)

where v is the voxel volume.

It should be noted that the lower the i value the more elements are in the mesh. To calculate the
compression rate of the reference voxel-based volume (3D CT-scan) with respect to a tetrahedral
mesh of a given level of detail, we define the voxel — to — tetrahedron ratio (VTR). Which is the

ratio between the number of voxels and tetrahedra defining the organ.

Geometry configuration: A first investigation of the effect of the resolution of the mesh on dose
distribution is done on a lung geometry containing a tumor. The tetrahedral meshes were gener-
ated by considering the surface of the tumor as a hole inside the lung surface (see figure 2.8.2).
This allows the separation between the two organs while respecting their surfaces. In addition,
two scenarios were tested by defining two single-field beams in opposite directions. Each with an
adapted collimator and range compensator. The target being the tumor, in the first one, the parti-
cles travel in the direction posterior-anterior and the second one in the anterior-posterior direction.
In the latter configuration, the beam penetrates a more heterogeneous medium composed of the
lung, bronchial tree, and tumor tissues as well as air. The Geant4 (Gemetry ANd Tracking) [143]
toolkit was used in this work for Monte Carlo simulations and dose calculations. A second investi-
gation was furthermore performed on a patient case (see figure 2.8.3) to confirm our findings using

multiple regions.

Results and discussion: To evaluate the dose in every resolution of the tetrahedral mesh, we use the
gamma tool (or y tool) [174]. This tool allows quantifying the resemblance between a given dose
distribution with respect to a reference dose distribution. It provides a gamma value map where

the values are calculated for each reference point using the entire evaluated distribution.
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For a reference point P, , the gamma value is:

¥(P,) = minI'(P,, P,)VP,
P,
(2.11)

[(P., P,) = /PPt E5

Ad> AD?

With |P,—P,|is the euclidean distance between evaluated and reference dose pointsand §(P,, P,) =
D.(P,) — D,(P,) the difference between evaluated dose D,(P,) at position P, and the reference
D,(P,) at position P,. AD represents the dose difference criterion while Ad is the Distance-To-
Agreement (DTA) criterion. This distance refferes to the distance allowed from the position of the
dose value in the evaluated distribution to the location of the closest value in the reference distri-
bution. The gamma pass rate represents the percentage of voxels that pass the gamma test. Figure
2.8.4 shows the effect of the mesh resolution on the gamma pass rate of the lung geometry. Thus
for the two particle beams. In the first beam configuration (i.e., beam 1), the value of the gamma
pass rate is stable over the resolution and doesn’t undergo significant changes. This stability is re-
lated to the small distance between the outer surface of the lung and the tumor: this close distance,
constraints the algorithm of tetrahedralization to create small elements in this region and causes a
precise density distribution. However, for the second beam configuration (i.e., beam 2), the value
of the gamma pass rate is proportional to the number of tetrahedral elements used in the mesh.
This behavior was confirmed in the patient case geometry in which the gamma pass rate goes from
99% to approximately 94% for VTR values higher than 30. As a conclusion, we demonstrated that
our density mapping method (MCM) need a VIR lower than 20 to have a gamma pass rate higher
than 95 %. Even though the principle of mass conservation is respected for all the level of details
of the mesh, the value of the gamma pass rate is not constant.

Furthermore, the relationship between the total time needed for the entire simulation and the
number of tetrahedrons is illustrated in figure 2.8.6. The total time is defined as the sum of the
loading time and the simulation time. The former is the time needed to load the geometry into
the Monte Carlo code, and The latter represents the simulation time of the interaction between the
geometry and the particle beam. The final results show that the simulation time is constant and
almost independent of the number of tetrahedrons. Contrary to the simulation time, the loading
time is proportional to the number of elements in the mesh and can reach two hours for a mesh

with 350K tetrahedrons.
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Asa conclusion, to obtain accurate dose distributions with MCM method, we need fine tetrahe-
dral meshes. However, the high number of tetrahedrons can quickly be time-consuming. On the
other hand, we can also assume that respecting the principle of mass conservation with MCM in
coarse meshes doesn’t ensure high gamma pass rates.

To solve this problem, we have studied the impact of the water equivalent path length on the
dose. In the next chapter, we will introduce a new approach that defines the density of the tetrahe-

dral elements according to the direction of the beam.

2.9 CONCLUSION

In this chapter, we described our four-dimensional dose calculation method based on the principle
of mass conservation, as well as its implementation on the Geant4 platform. We have shown that
tetrahedral meshes give accurate dose maps as conventional voxel-based structures in breathing
simulation. Furthermore, we have created a multi-resolution tetrahedral mesh to study the impact
of the number of tetrahedron elements on the dose. Our results proved that fine tetrahedral meshes
with a high number of elements are required to obtain acceptable gamma pass rates. Besides, we
concluded that in most cases, the dose accuracy is proportional to the level of detail of the mesh.
However, if we want to minimize the number of tetrahedrons and reduce time computation, we
need a new approach that ensures the precision of the water equivalent path length of the traversed
materials. Thus, in the next chapter, we will introduce a new method in which we will minimize

the error of the water equivalent path length in the direction of the treatment beam.
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Figure 2.8.1: Flowchart of tetrahedral model construction: from 3D-CT to multiresolution
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site directions, each with its own range compensator and collimator.
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Figure 2.8.3: A thorax geometry representing a patient case used for the multiresolution
study. The proton beam is directed toward the tumor and the dose is saved in the tetrahedral
elements of the mesh.
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Figure 2.8.4: Gamma pass rate vs the voxel-to-tetrahedron ratio using a dta equal to 3mm
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Figure 2.8.5: Gamma pass rate vs the voxel-to-tetrahedron ratio for the patient case simu-
lation. For the gamma evaluation a dta equal to 3mm and a dose tolerance of 3% have been
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Figure 2.8.6: Relation between computation time and the resolution of the tetrahedral mesh.
(a) Number of tetrahedrons versus calculation time. (b) Voxel-to-tetrahedron ratio versus
calculation time. Loading time is the time needed to load all the tetrahedral elements to the
system. Simulation time is the time taken by the Monte Carlo code to calculate the interac-
tions between the particle beam and the matter. The total time is the sum of loading time
and simulation time. These values were calculated using 10% proton particles fired at the mul-
tiresolution lung geometry.



Good judgment comes from experience, and a lot of that comes

from bad judgment.
Will Rogers

Particle-beam-dependent optimization for dose

calculation

3.1 INTRODUCTION

In this chapter, we define a new methodology to calculate dose in tetrahedral geometries. As proved
in the previous chapter, respecting the principle of mass conservation in the hole geometry when
calculating the densities of tetrahedral elements is not sufficient to ensure coherent dose distri-
butions when using coarse meshes. We have also shown that this outcome is caused by the non-
compliance of the water equivalent path length calculated using the modeled tissues and the refer-
ence WEPL defined on the CT-scan data. Our main contribution in the field consists of defining
a new dose calculation method that doesn’t depend on the resolution of the mesh and aim at re-
ducing the complexity of the geometry while maintaining a precise dose map. The objective is to

reduce both memory consumption and simulation time in Monte Carlo simulations by decreas-
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ing the number of tetrahedrons in the mesh. Our approach takes advantage of the direction of the
radiation beam to minimize the error of the water equivalent path length of the matter before the
tumor, thus between the images designated as the gold standard and the density distribution cal-
culated using our method. In the following sections, we will first discuss the conclusions of our
work, then we will finish with our article published in the peer-reviewed medical journal: Physics
in Medicine and Biology. The article contains the methods, the results, and the discussion of the

results obtained with our dose calculation technique.

3.2  CONCLUSION

The results of this study showed that by minimizing the error of the water equivalent path length in
the direction of the beam, an accurate dose distribution could be obtained. Therefore, by applying
our beam-dependant algorithm on a coarse tetrahedral mesh, we generate more faithful dose map
inside the tumor volume compared to conventional density mapping methods. This outcome is
the consequence of the generated effective density map used in the Monte Carlo simulation, that
allows reducing the mean error of the WEPL by 9.62 mm in the case of the multi-layer phantom
and 1.94 mm for the thorax geometry. Asa conclusion, the time needed to simulate and load coarse
tetrahedral geometries can be 25 % shorter than the time required in both fine tetrahedral meshes
and voxel-based models. The creation of patient-specific tetrahedral phantoms can take less time
by adopting our approach since the definition of the density map doesn’t mainly rely on the res-
olution of the mesh. Furthermore, our target-oriented dose calculation method can be extended
to handle more organ volumes other than the tumor, such as organs at risk if more dose precision
is needed in those regions. In the next chapter, we will discuss a motion compensated version of
our algorithm that takes into account the density variation over different breathing phases and also

tissue deformation.

3.3 THE ARTICLE
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Abstract.

The use of tetrahedral-based phantoms in conjunction with Monte Carlo dose
calculation techniques has shown high capabilities in radiation therapy. However,
the generation of a precise dose distribution can be very time-consuming since a fine
tetrahedral mesh is required. In this work, we propose a new method that defines
the density distribution of patient-specific tetrahedral phantoms, based upon the CT-
scans and the direction of the particle beam. The final purpose is to coarsen the
tetrahedral mesh to improve computational performance in Monte Carlo simulations
while guaranteeing a precise dose distribution in the target volume. Contrarily to
the state of the art methods that calculate the density value of a tetrahedron, locally
based only on the CT-scans, our approach takes also into account the direction of
the beam to minimize the error of the water equivalent thickness of the tetrahedrons
before the tumor volume. In this study, the experiments carried out on a multi-layer
computational phantom, and a thorax geometry, show that by applying our method on
a coarse mesh, we offer a better dose distribution inside the tumor compared to other
density mapping methods, in the same level of detail. This is due to the reduction of
the water equivalent path length error from 9.65 mm to 0.62 mm in the case the multi-
layer phantom, and from 2.42 mm to 0.48 mm for the thorax geometry. Moreover, a
similar dose coverage is obtained with refined tetrahedral meshes. As a consequence of
the reduction of the number of tetrahedrons, computational time is found to be 25%
shorter than both the refined tetrahedral mesh and the voxel-based structure in most
cases. Using a coarse tetrahedral mesh to have accurate dose distributions on a given
target is feasible as long as the water equivalent path length in the direction of the
beam is respected.

Keywords: particle therapy, dosimetry, tetrahedral meshes, Monte Carlo simulation
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1 Introduction

Oncological hadron therapy offers a better dose coverage compared to conventional
megavolt photon therapy in the treatment of deep-seated local tumors. The particularity
of heavy charged particles like protons resides in the fact that they deposit most of their
energy at the end of their range, creating the Bragg Peak. This property guarantees
a precise irradiation of the target volume and less damage to healthy tissues. The
position of the Bragg Peak depends on the beam energy as well as the density and the
chemical composition of the traversed mediums. These latter parameters are computed
using the Hounsfield Unit (HU) numbers of the CT scan voxels. Current treatment
planning systems and dose deposit simulation techniques use voxel representation of
tissues. However, a new geometric representation based on tetrahedrons has several
advantages compared to voxels. It ensures not only a compact representation of the
human body, that can contain structures with different levels of detail, but also a better
description of organs compared to voxel-based geometries. At the same time, it has
shown high capabilities in deformable anatomy and respiratory motion representation
and simulation (Ishikawa et al. 2009, Manescu et al. 2012, Manescu et al. 2014 , Han
et al. 2015, Touileb et al. 2016). Consequently, tetrahedral geometries are attracting
considerable interest in heavy-ion tumor therapy, due to the multiple advantages that
they could offer when coupled with Monte Carlo dose calculation technique.
Tetrahedral geometries were first introduced as acceleration structures for surface-
based models in Monte Carlo transport codes (Barker, Bird, Serco & Cooper 2008,
Barker, Bird & Thetford 2008, Fang 2010, Shen & Wang 2010, Fonseca et al. 2014). In
addition to the fact that tetrahedral meshes allow a better approximation of the smooth
surfaces, they allow to describe the movement and density distribution of internal tissues
easily. Authors in (Poole et al. 2012a, Poole et al. 2012b) have used the tetrahedral mesh
generated from a closed tessellated surface to accelerate the geometrical navigation in
Geant4 Monte Carlo code (Agostinelli et al. 2003, Allison et al. 2006, Allison et al. 2016).
They demonstrated that the navigation time is reduced by two orders of magnitude
since the computations are performed only on local tetrahedrons rather than the entire
tessellated surface. The same approach was used by (Yeom et al. 2014) to simplify
the geometry of a polygonal computational human phantom named PSRK-Man (Chan
Hyeong et al. 2011) to create the equivalent tetrahedral-based phantom. They reported
a reduction of the computation time by a factor varying from 150 to 832, depending on
the particles and their energy. Nevertheless, the simulation time reduction compared to
the voxels was less significant and varies from 0.8 to 6.8 times with protons. In a recent
study conducted by (Furuta et al. 2017), the authors confronted their implementation
of tetrahedral meshes with voxel-based structures using the Monte Carlo code PHITS
(Sato et al. 2013). They showed that the computation time of the particle transport
simulation using the PSRK-Man tetrahedral version (Yeom et al. 2014) is about four
times less than the time required by the voxel grid representation. However, even if
the transport calculation time is proven to be shorter in most cases, tetrahedral meshes
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still take more time in the geometry loading before performing Monte Carlo simulations
(Poole et al. 2012b, Furuta et al. 2017). In fact, for tetrahedrons, the function of the
loading time with respect to the number of elements is found to be exponential, but
linear for voxels and surface based meshes.

Since the current scanner technology is based on voxel structures providing a
unique density value for each voxel, the definition of the densities for the tetrahedral
geometries requires mapping algorithms that calculate a density value per tetrahedron
from CT-scan data. To use tetrahedral geometries in more realistic clinical applications
with patient-specific tetrahedral phantoms, authors in (Ishikawa et al. 2009, Manescu
et al. 2012, Manescu et al. 2014, Han et al. 2015, Touileb et al. 2016) have proposed
several approaches to map densities from CT-scans to tetrahedral geometries. In
(Ishikawa et al. 2009) authors have defined the density value of a tetrahedron as the
density of the voxel containing the centroid of the tetrahedron. This method will be
referred to as the centroid mapping method (CM) throughout this paper. Moreover, we
in (Manescu et al. 2012, Manescu et al. 2014) have proposed to map the densities to
the nodes of the tetrahedral mesh instead of its elements, as in finite element analysis.
This has the advantage of obtaining a density value for each point inside the mesh with
interpolation, and more importantly, preserving the tissues mass since the method is
based on the mass conservation principle. Furthermore, we introduced a new technique
called mass conservation mapping method (MCM) (Touileb et al. 2016) in which the
mass of a tetrahedron is defined as the sum of all the intersecting voxels masses, and
the unique density of the tetrahedron is computed as the mass of the tetrahedron per
volume. Despite the fact that the mass conservation mapping method (MCM) has
shown more accurate dose distributions than the centroid method (CM), its precision
depends on the density heterogeneity of the mapped tissues and also to the number
of tetrahedrons representing the mesh. The relatively larger volume of tetrahedrons
leads to an averaging of the density values of the tetrahedral mesh and consequently
to an incorrect dose distribution. Then, on the one hand, it is necessary to have a
fine mesh for the precision, and on the other a coarse mesh for the computation time.
Moreover, these methods tend to focus on the local density values of the tetrahedrons
and ignore the integral of the densities along the beam path laying before the target.
This integral is known as the radiological thickness, and it is commonly expressed in
terms of water equivalent path length (WEPL). It is used by physicists to calculate the
thickness of a water volume in which the ions lose the same amount of energy as they
pass through a given tissue. Evidently, the use of CM or MCM with coarser meshes
engenders wrong water equivalent path length when compared to WEPL computed
using the original CT-images. To overcome this problem, in this paper, we introduce
a technique called effective density mapping (EFFD) to minimize the WEPL error
in the direction of the beam. This approach not only takes into account the tissues
information derived from CT-scans, but also the particle beam parameters, to optimize
the dose distribution in a given target while using a coarse tetrahedral mesh. Our final
aim is twofold: first, to reconcile the two above mentioned constraints (i.e., time and

3
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/ precision); and second, adding more freedom in the creation process of patient-specific
phantoms with coarse meshes. The paper is organized as follows: first, we describe
in detail the water equivalent path length (WEPL) adapted to tetrahedral geometry
and then make a mathematical formulation of our proposed scheme. Furthermore, we
perform experimentations using a proton beam on a multi-layer phantom as well as a
real patient’s thoracic geometry to quantify the performance of our method in Monte
Carlo dose computations using Geant4 code. Finally, we give some concluding remarks
and the directions for future works.

2 Materials and methods

The knowledge about the density values and the chemical composition of all tetrahedrons
is essential for Monte Carlo dose computations. These parameters are calculated using
an algorithm that maps the densities from a CT-image to the tetrahedral mesh. Our
method consists of calculating an effective density distribution only for the tetrahedrons
that intersect the beam. Contrary to MCM and CM that are methods based only on the
local approximation of the density in a given tetrahedron and ignore the integral of the
density along the beam path, our approach uses this integral to calculate a density map
that minimizes the error of the water equivalent path length (WEPL). In this section we
will first present the concept of the WEPL, then we formulate the problem to calculate
the effective density distribution. Furthermore, the evaluation strategy of our approach
is presented alongside the geometries used for the validation.

2.1 FEffective Density calculation

2.1.1. Water equivalent path length: The dose distribution inside a given target depends
strongly on the density of the tissues traversed by the ion beam and more precisely on the
water equivalent path length (WEPL) (sometimes called radiological or water equivalent
thickness (WET) (Rietzel et al. 2007, Paganetti 2016). It is an empirical concept that
describes the range of ions in matter and is defined as the length of water causing the
same energy loss, as it would lose when going through the tissues. The idea is to have
the same particle attenuation for the product (¢4 X pmar ) of & given material mat with
a thickness t,,,; and a density ppq: as the product (¢, X p,,) related to water. Therefore,
for a single radiation ray r, the WEPL is the integral of the mass densities along the
path of the particle and it is defined as follow :

WEPL = / p(r)dl (1)
L
Where p(r) is the linear density function defined on r. To illustrate this concept in 2D,
in Figure la we associate a line L to the radiation ray. This line depicts the distance
between the entrance of the body and the tumor, and it is represented by successive line
segments (i.e., [P1, P2] and [P2, P3]) describing the thickness of the traversed mediums.
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The water equivalent path length of L is the sum of the products P1P2 x p(medium1)
and P2P3 x p(medium2).

In fact, the mentioned formula in Equation 1 is a simplification and an
approximation of the water equivalent path length expression defined in (Newhauser
2001) as :

WEPL =t,= tm%%, where t,, and t,, are the thicknesses of water and the target
material, respectively. p, and p,, are the mass densities of water and the material,
respectively. Finally, S,, and S,, are the mean values of mass stopping power for water
and the material, respectively.

The precise calculation of the mean stopping powers of the materials is
computationally intensive using iterative numerical methods (Newhauser et al. 2007),
and it is therefore not very suitable for some clinical applications (Zhang & Newhauser
2009) particularly for our work since the primary goal is to reduce simulation time. Thus,
in this study, the mean stopping powers of the materials are not taken into account.
Besides, the density of the water is considered equal to 1 g/cm®. Consequently, we
obtain the following formula: WEPL = t,,p,, for a unique material, and furthermore,
we define the WEPL of a medium with multiple materials as the accumulation of all the
contributions of their WEPL. The use of our approximate method based on a simple
deterministic formula exploits the fact that most thorax tissues have a stopping power

ratio close to 1 (between 0.95 and 1.05 ( Schaffner & Pedroni 1998)).

Particle
source

The origin of ry

(a) (b)

Figure 1: Water equivalent path length (WEPL).(a) L represents the polyline of the
ray r. WEPL(L) = P1P2 x p(medium1) + P2P3 x p(medium?2). (b) Blue triangles
represent the set Zg, —of all the tetrahedrons that intersect the beam (4;,. The segment
ly1 depicts the intersection between the ray ry (i.e., the line L,) and the triangle e;.

2.1.2. Effective density map creation process : Starting from the tetrahedral mesh, we
first map the densities from the CT-images using the mass conservation mapping method
(MCM), then, we only recalculate the density values of the elements that intersect the
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Figure 2: Flowchart of effective density map creation. Notice that the density values of
the elements that intersect the beam are changed after the EFFD.

beam using our method called the effective density method (EFFD). Figure 2 illustrates
the flowchart of the creation of the effective density map. The effective densities are
the density values calculated using our method (EFFD) to replace the values previously
calculated with MCM. The mass conservation mapping method is used since it produces
better results than CM and also to define the densities of tetrahedrons that do not
intersect the beam. It will also be used further to provide an initial guess in the
optimization process.

2.1.3. Formulation of the Problem : In this study, we use a straight-line path estimation
method to represent the particle trajectory in which we consider the beam fg;,. as a set
of radiation rays extending from the particle source in the direction dir (see Figure
1b). The origins of the rays can be chosen either with equispaced or random sampling
methods and they are defined on the surface of the parallel projection of the tumor on
the plane of the particle source.

Since we want to respect only the WEPL of the tissues before the tumor, we define
for every ray r; a polyline L; that goes from the exterior surface to the tumor site.

Given a tetrahedralization 7 of a domain D representing a medium M, we define
the set of all the elements in intersection with 7 as;

n

Ls,, = { UerlereTn ﬁdir}, where (4, = { U L,}, n is the number of elements
=0

of T that intersect B4, m is the number of radiation rays representing (g4, and ey is a
tetrahedron in intersection with the beam By,

Based on Equation 1 we define the water equivalent path length of a given polyline
L; as :

WEPL(L) = [ pr)a ®)
L;

Knowing that the polyline L; is characterised by a sequence of line segments
(lin,- -+ ,l;s) representing the intersection with Zg, (see Figure 1b), we redefine the
WEPL as follow:
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WEPL(L;) = pess(e;) X li (3)
=0

Where s is the number of elements of Z3,, that intersect L;, e; is a tetrahedron
from Zg, that intersects L; and p.ss is the effective density function defined on Zg,,

p . {Iﬂdir - R
TV €5 pepsley)

pesy represents the biased values of densities that aims to replace the genuine func-

as:

tion pren (calculated with the mass conservation mapping method) on Zg,, . The aim
of this work is to calculate p.ss for the elements e, of Zg, . It is worth mentioning
that the density p.sy is only defined on Zg,, contrary to ppen, that is defined on all the
domain D. The main idea is to define the p.s¢ by minimizing the WEPL error between
the reference density map por of the 3D CT image and the effective density WEP L.
Then, replace ppem by pefs in Zg,, . Therefore, we define our linear system as follow:

Ax =b
g hLp - hn perr(er) WEPL;
[ l R Y err(e WEPL
Where A = 2.’1 2_’2 . 2.’ , T = P ff.( 2) and b = , ?
lm71 lm72 ce lmm peff(en) WEPLm

l;;: is the length of the line segment of the intersection between the line L; and an
element e;. WEPL; is the water equivalent path length calculated using the reference
CT image. Solving this system outputs the vector x of the effective density values of
pefs that need to be assigned to each tetrahedron of the mesh.

The fact that m > n makes the system overdetermined since we have more rays
than elements in the intersection with the beam. This implies that there is no unique
solution that satisfies this equation system. Additionally, we need to ensure that the
resulted densities are in the range of human tissues densities (i.e., between 0 gem? and
2.79 gem?). To solve a sparse overdetermined linear system with linear constraints
we have calculated an optimized solution using a constrained quadratic programming
approach of the form (Cornuejols & Tiittincii 2006):

minimize 27 Hz + 'z
QP subject to: Ax =b
Ib<xz<ub

H: the quadratic matrix (n x n) defined as H = ATA, x: the vector of decision
variables (n x 1) that represents the unknown-density-values vector of p.rs, c: vector
of linear objective function coefficients (n x 1), defined as ¢ = —ATb, and finally [b and
ub represents respectively the lower and the upper bounds applied to density values.
Besides, an initial guessing of the solution 20 containing the densities calculated using
Pmem 18 given to the solver to improve the convergence of the solution. Furthermore,

7
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/ in order to solve the optimization problem, we used the interior-point-convex algorithm
described in (Gould & Toint 2004, Altman & Gondzio 1999) since it is suited for sparse
quadratic programs and also for its faster optimization time compared to other methods.

2.2 Fvaluation strategy and criteria

We define two case studies in order to quantify the performance of our proposed scheme,
a multi-layer phantom (MLP) and a thorax geometry. The strategy employed to
generate the tetrahedral mesh consists of using only the external surface of the phantom
and the tumor (i.e., the target) in the tetrahedralization algorithm. This approach
applies fewer constraints on the algorithm and can be used to decrease the number of
elements significantly. It also provides more possibilities to the user to control the volume
of the tetrahedrons. By adopting our density mapping method (EFFD) for a coarse
mesh, we will investigate its performance comparing to the centroid mapping method
(CM) and the mass conservation mapping method (MCM) using tetrahedral meshes with
multiple resolutions. More specifically, we evaluate the water equivalent path length
(WEPL) then the dose accuracy with respect to the voxel-based representation which
is considered as our ground truth. Finally, the computation time will be investigated
for all scenarios.

2.2.1. Water equivalent path length accuracy: To study the accuracy of the water
equivalent path length of the particle beam, we define the mean absolute error of WEPL
(MAEW), the mean error of WEPL (MEW) and the mean relative error of WEPL

S (WEPLi(CT)~W EPL:(T)| S° WEPL,(CT)~W EPLi(T)
(MREW) as: MAEW = =° , MEW = =2 and

3 [WEPL,(CT)~W EPLy(T)|/W EPL;(CT)
MREW = = . Where WEPL;(CT) and WEPL,(T)

are the water equivalent path length of the line L; calculated using the CT image and the

m

tetrahedral mesh T, respectively. m is the number of lines representing the beam. To
have a more precise depiction of the WEPL errors, we also define the errors histogram
of all the lines.

2.2.2. Dose distribution: To investigate dose homogeneity and uniformity in the target
volume, we converted dose distributions into 2D cumulative dose-volume histograms
(CDVH). These curves give the percentage of volume that receives more than a certain
amount of dose within a defined volume or organ. Besides, they allow to define

parameters like maximum dose (D4, ), minimum dose (D,,;,) and mean dose (D,yean)
Ds
Dys
minimum dose of 5% and 95% of the target volume. The ideal value of HI is 1,

alongside with homogeneity index HI = , where D5 and Dgs are respectively the
and it increases as the distribution becomes less homogeneous (Kataria et al. 2012).
Furthermore, gamma index distributions (Low et al. 1998) were also considered to
highlight the regions were the dose deviations are concentrated.
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2.2.3. Computational performance: The computation speed is expressed by the
structure loading time (¢,,) and the simulation time (tg). The former is the time needed
to define the materials and to load the geometry by creating a single G47T et object for
every tetrahedron in Geant4, add it to a G4AssemblyVolume, then make an imprint of it
in the user detector geometry. This time is correlated to the number of the elements of
the tetrahedral mesh. On the other hand, the simulation time depicts the time required
to simulate the transport of all the particles in Monte Carlo code. In this work, the

simulations were carried out on a desktop personal computer with an Intel Core i5 3.2
GHz CPU and a 16 Gb RAM.

2.3  Geometries of interest and simulation setups

2.3.1. Multi-layer phantom: The multi-layer phantom (MLP) is defined as a cube
containing four concentric, homogeneous cubic shells of tissue (see Figure 3): Tumor,
lung, bone, and muscle tissues from the inside to the outside of the phantom. The
composition and the mass density of the used materials are taken from the International
Commission on Radiation Units and measurements (White et al. 1992). The inner cube
is considered as the target, and it has a tumor density of 0.96 g/cm?. The voxel-
based structure of the MLP consists of 224 x 224 x 224 voxels with the resolution of
1 x 1 x 1 mm?3. Since that the primary source of tissues properties is the voxel-based
structure (in which voxel values represent the density of the tissues in the multi-layer
phantom), we use our previously published method (Touileb et al. 2016) to create the
tetrahedral geometry and its corresponding density map. Therefore, we tetrahedralize
the volume between the external surface of the phantom and the inner cube (i.e.,
the target) using the Tetgen software (Si 2010, Si & Gértner 2015). The latter is
based on the constrained Delaunay tetrahedralization method (CDT) that can generate
meshes with different resolutions by applying an upper bound on the volume of the
tetrahedrons. Finally, the mass densities are mapped from the voxels to the elements
of the tetrahedral meshes. Hence, we create a single density value per tetrahedron that
is used for Monte Carlo particle transport simulations. Two different density mapping
methods are investigated in this study along with our method (i.e., EFFD) to test their
respective performances: Mass conservation mapping (MCM) and centroid mapping
(CM). Furthermore, Figure 4a illustrates the configurations used for the MLP in which
three levels of detail are used for MCM and CM and a coarse resolution for the EFFD.
Moreover, the corresponding histograms of the volume of tetrahedrons are plotted in
Figure 4b. For Geant4 simulations, a passive scattering system was used to generate a
spread-out Bragg peak (SOBP) that covers the entire target volume. Hence, six virtual
proton sources with an energy of 270 MeV were placed inside a water envelope at
different depths to shift their range (see Figure 4c). Moreover, the sources are weighted
proportionally to the relative number of protons to generate the desired SOBP. This
simplified beam simulation replaces the range modulator wheel containing absorbers of
variable thickness that modulates the depth penetration of the beam. Finally, the same
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particle beam configuration is maintained through all the simulations regardless of the
structure of the phantom. To show the efficiency of our approach and for the sake of
computational cost, we chose only 49 (7 x 7) rays, uniformly distributed on the source
surface. In this case, the absolute error of WEPL was 0.62 mm, improving significantly
the error calculated with both CM and MCM methods (see. Table 1). Additionally,
Figures ba and 5b illustrate, respectively, the absolute error of WEPL versus the number
of rays, and the behavior of the absolute error of WEPL over the time needed to calculate
the intersection of the rays with the mesh and to define the equation system.

. - L 224 mm 1
Muscle ‘ E1.57
Bone =
Lung [ ~—
—1.2%
_—— 3 - 2
Tumor | 32 mm - \29
< &
5
0.8 2
0.4
0.21

Multi-layer phantom A slice of the phantom

Figure 3: The Multi-layer phantom (MLP). Four different homogeneous shells of tissue
are used : tumor, lung, bone and muscle (from the inside to the outside). The density
values and the material composition of these tissues are issued from (White et al. 1992).

2.3.2. Human thorax geometry: We have equally considered a real patient case with a
CT-scan issued from the dir-lab database (Castillo et al. 2010). The voxel resolution of
the CT images is 0.97 x 2.5 x 0.97 mm? and their number is 512 x 128 x 378. They are
represented by a voxel map of linear X-ray attenuation coefficients of different tissues,
in which voxel values are scaled such that the linear X-ray attenuation coefficient of air
equals -1000 and that of water equals zero. This scale is the Hounsfield scale with the
HU unit. Authors in (Schneider et al. 2000) present a method to convert Hounsfield
values into tissue parameters (mass density and chemical composition) needed for dose
calculations in particle therapy. The flowchart of the creation of the patient-specific
tetrahedral model is depicted in Figure 6. The images are firstly preprocessed by
thresholding the image intensities, then the organs of interest are segmented using the
snake evolution method (Kass et al. 1988) based on active contours. Further on, these
surfaces are converted into tetrahedral meshes using the same approach described in
section 2.3.1.
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Figure 4: Multi-layer phantom tetrahedral (MLP) (a) MLP configurations used in Monte
Carlos simulations. The tetrahedral model is constructed using the surface of the tumor
and the external surface of the phantom. Three levels of detail are used for the mass
conservation mapping method (MCM) and the centroid method (CM) with 892, 6239
and 45094 tetrahedrons, respectively. One level of detail with 892 tetrahedrons is used
for EFFD. (b) histograms of the volume of tetrahedrons used in MLP with 892, 6239
and 45094 tetrahedrons. (¢) The configuration of the detectors for Geant4 simulation.
The same configuration is used for voxel and tetrahedral representations.
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Figure 5: (a) Mean absolute error of WEPL versus the number of rays calculated for
the MLP (with 892 tetrahedrons) using both MCM and EFFD. (b) Mean absolute error
of WEPL versus the time needed to calculate the intersection of the rays with the mesh
and to define the equation system.
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Figure 6: Flowchart of tetrahedral model construction: from 3D-CT to tetrahedral
model. The CT images are first converted into voxelized mass density maps which are
then mapped to the tetrahedral elements of the meshes.

To take into account the shape of the tumor in hadrontherapy beam line simulation
and to improve the efficiency of treatment delivery, we have defined a patient-specific
range compensator and a multileaf collimator (see Figure 7a). These devices are used in
passive scattering to shape the beam and to minimize the delivery dose in organs at risk
(OAR). Moreover, a spread-out Bragg peak (SOBP) is achieved by using six particle
sources placed inside a water box to shift their range, each one of them generates a
Bragg Peak with a different number of particles. In a similar way to the MLP, we
compare the EFFD method applied to a coarse mesh (constructed only with the tumor
and the external surfaces) to the mass conservation method (MCM) and the centroid
method (CM) by using both the same coarse mesh and a finner mesh. The latter is
created by segmenting not only the tumor but also the lungs, the diaphragm, and the
mediastinum. Figure 7b illustrates the configurations used for Monte Carlo simulations
for the patient case for both the coarse mesh with 13566 tetrahedrons and the fine mesh
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Figure 7: Thorax geometry. (a) The passive scattering beam line configuration used
for Monte Carlo simulation of the thorax geometry. (b) tetrahedral configurations used
for dose evaluation. The coarser meshes with 13k tetrahedrons are constructed using
only the segmentation tumor volume and the surface of the thorax. However, the
refined meshes with 344k are constructed using the segmentation of the diaphragm,
the mediastinum, the lungs, the tumor and the external surface. (c¢) histograms of the
volume of tetrahedrons used in the patient case with 13566 and 344599 tetrahedrons.
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/ with 344599 tetrahedrons. Furthermore, the corresponding histograms of the volume of
tetrahedrons are illustrated in Figure 7c. The particle beam used for the patient case is
represented by 1243 randomly arranged lines distributed on the surface of the particle
source. This strategy of choosing the position of the lines is adopted since it is simpler
to implement and it is more suited for nonuniform shapes as in the case of the tumor.
Besides, the number of lines has been chosen as it generates a reasonable mean absolute
error of WEPL (i.e., 0.48 mm) and presents some gain in computation time. We would
also like to point out that increasing the number of lines will eventually decrease the
error.

2.3.3. Geant4 configuration details: In this work, all the Monte Carlo dose calculation
results relative to the proton beams, have been obtained using The geant4.9.5.P02
version and the QGSP_BIC EMY reference Physics Lists. The latter has been
designed for any applications required higher accuracy of electrons, hadrons, and ion
tracking. Additionally, it is recommended for use in medical applications. For the range
cut of all particles in all regions, a cut-off value of 0.1 mm was used alongside a step size
limit of 0.1 mm to ensure a precise simulation. These values were chosen as they are
below the thickness of the mean volume of all the tetrahedrons. We would also like to
point out that, the simulation time can be further improved if a production threshold of
1 mm is used (as recommended in (Zahra et al. 2010)). However, the accuracy regarding
spatial dose distribution will not be ensured for all the tetrahedral geometry.

3 Results and discussion

As stated in section 2.2, our primary purpose is to investigate the performance of
the effective density mapping method by evaluating the water equivalent path length
accuracy and analyzing its impact on dose distribution. In the case of the multi-
layer phantom, we used a particle beam containing 49 lines that intersect a total of
28 tetrahedrons to construct our effective density map on a tetrahedral mesh with 892
elements. Table 1 presents the mean absolute error of WEPL (MAEW) generated using;
first, MCM and CM methods applied to three different mesh resolutions (892, 6239 and
45094), then, EFFD approach only on the coarser mesh (i.e., 892). The results show
that the MAEW of all the lines has been reduced to 0.62 mm using the EFFD compared
to the other methods, where the minimum error that can be obtained is 1.41 mm using
MCM on the finest mesh with 45094 elements. For the same resolution as used for
EFFD (i.e., 892), the mean absolute errors are approximately 9 mm and 16 mm for
MCM and CM, respectively. Besides, the distribution of the absolute errors of WEPL
of individual lines is depicted in Figure 8a. A similar behavior was observed with the
thorax geometry in which the MAEW was decreased to 0.48 mm using the EFFD with a
tetrahedral mesh containing only 13566 elements (see table 1). In this case, the effective
density was calculated for 754 tetrahedrons that intersect the beam represented by 1243
lines. Moreover, the histogram of these lines is illustrated in Figure 9a as well as the
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histograms generated using the MCM and the CM methods for both the coarse mesh
with 13566 tetrahedrons and the fine mesh with 344591 elements. The histogram of
the EFFD tends to have a similar distribution, as the fine meshes of MCM and CM in
which most of the values are concentrated between 0 and 1.5 mm.
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Figure 8: Histograms of WEPL errors calculated using the multi-layer phantom.
Histograms of the absolute error (a) and the error (b) of WEPL for 49 lines representing
the beam. Three resolutions of the tetrahedral mesh (i.e., 892, 6239 and 45094) are used
alongside the centroid method (CM) and the mass conservation method (MCM).

As regards dose accuracy, table 2 shows the statistical analysis of the 3D dose maps
of tetrahedral meshes obtained for different simulations. Even though the analysis
of the mean dose did not show a significant difference between different simulations
since the global mass of the target is more or less respected, the HI is found to be
different and correlated to the MAEW. Consequently, the EFFD distribution shares
approximately the same HI as the voxel-based structure and the fine meshes of MCM
and CM. However, in the case of coarser meshes, it behaves better compared to MCM
or CM techniques. Furthermore, the CDVH of the gross target volume of the thorax
geometry presented in Figure 10 gives a more clear depiction of the homogeneity of the
deposited dose and shows how the histogram of EFFD has almost the same shape as
the reference voxel-based phantom. To outline the dose distributions, a series of isodose
lines were generated in figures 11 and 12 for a sagittal and an axial slices, respectively.
Additionally, gamma distributions calculated using a gamma criteria of 3% and 3 mm,
are illustrated in Figure 12 for an axial slice.

It can reasonably be suggested that the sign of the mean error of WEPL (see table.
1) indicates if the Spread Out Bragg peak has shifted forward or backward relative to its
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Figure 9: Histograms of WEPL errors for the patient case using 1243 lines representing
the beam. (a) and (b) are respectively the histograms of the absolute error and the
error of WEPL of the tetrahedral meshes containing 13566 and 344591, respectively.

original position calculated using the reference voxel-based structure. For instance, as
the MEW of the MCM is positive and equal to 2.89 mm, in the MLP with 892 elements,
the beam will go further away from the target. Besides, a shift in the 90% isoline is
perceived before reaching the target in the case of MCM and CM for 13566 tetrahedral
meshes. It indicates that the beam started to deposit the dose before reaching the
tumor. It also confirms our findings on the direction of the shift as a function of the
sign of the MEW.

Figures 8b and 9b illustrate the Mean error of WEPL for both the multi-layer
phantom and the thorax geometry. Further analysis on the tetrahedral meshes showed
that the relative error of the mass of the tetrahedral mesh compared to the voxel-
based structure is about 0.02% in EFFD. This negligible value is about the same for all
mesh resolutions using MCM or CM. Overall, the WEPL gives a more relevant tool for
comparing density mapping methods.
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Phantom Density Number of Mean Mean error Mean
mapping tetrahe- absolute of WEPL  relative
algorithm  drons error of (mm) error of

WEPL WEPL
(mm) (%)
Multi-layer phantom MCM 892 9.65 2.89 10.59
6239 3.83 1.16 4.21
45094 1.41 0.72 1.55
CM 892 16.57 3.09 18.2
6239 7.97 -0.36 8.75
45094 2.86 -0.59 3.14
EFFD 892 0.62 -0.62 0.74
Thorax geometry MCM 13566 2.42 -0.66 5.29
344599 1.18 -0.05 2.59
CM 13566 3.48 -3.46 7.73
344599 2.07 -0.53 4.52
EFFD 13566 0.48 0.48 1.05

Table 1: Mean absolute error of WEPL (MAEW), mean error of WEPL (MEW) and
mean relative error of WEPL (MREW) of the Multi-layer phantom and the thorax
geometry using MCM (Touileb et al. 2016), CM (Ishikawa et al. 2009) and EFFD (our
approach) algorithms.

Table 3 summarizes the computation times obtained for the Monte Carlo
simulations carried out on the Multi-layer phantom and the thorax geometry using
12 million protons with an energy of 270 MeV. We denote the simulation, the loading
and the total computation times by tg, t;, and t7, respectively (see definitions in 2.2.3).
First, our experiments confirm that the tg of all tetrahedral geometries is less than the
ts of the voxel-based structure. Nevertheless, the ¢ can in some cases be more due
to the higher value of the 1, in particular for the finer thorax tetrahedral mesh with
344k elements where its t; exceeds the t; of the reference by an hour and a half. The
use of the EFFD with the coarser mesh divides this time (i.e., t;) by a factor of six
hundred resulting with a ¢, of 9 seconds and a total time of six hours. The use of
fewer elements also decreases the tg significantly; it can be reduced to two hours and
a half in the case of the MLP, and to forty minutes for the thorax geometry. It is
worth mentioning that the significant difference in the simulation time between the two
reference voxel-based models is because the tumor in the multi-layer phantom is deeper
than the one in the thorax geometry. They are respectively located at a depth of 96mm
and 40 mm. Therefore, more geometrical and physical steps are needed to calculate the
energy deposition for the Multi-layer phantom.

Although our approach has shown promising results, it is necessary to point out that
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Phantom Density Number of D,ean  Dmin  Dmaz HI
mapping elements
algorithm
Voxel-based MLP - 1123942 35.19 28.69 4221 1.18
MLP tetrahedral mesh MCM 892 33.76 236 42.23 1.38
6239 34.96 26.47 43.60 1.24
45094 35.18 26.08 43.26 1.22
CM 892 30.80 0.87 43.77 2.65
6239 33.85 822 4391 1.35
45094 35.17 25.85 44.07 1.23
EFFD 892 35.78 2531 45.80 1.23
Voxel-based thorax - 11025375 54.83 41.37 62.20 1.27
phantom
Thorax tetrahedral mesh MCM 13566 55.0 41.37 62.0 1.22
344599 54.97 41.62 64.46 1.27
CM 13566 54.97 34.45 69.77 1.22
344599 54.16  43.09 63.98 1.27
EFFD 13566 54.10 41.78 63.49 1.28

Table 2: Evaluation of dose distribution in the tumor volume of the multi-layer phantom
and the thorax geometry. Din, Dmazs Dmean are respectively the minimum, the
maximum and the mean dose deposited. HI is the Homogeneity index.

when the number of tetrahedrons is high, the creation of the system and the calculation
of the solution can be very time-consuming. This issue can be addressed by using line-
tetrahedron intersection acceleration algorithms like in (Marmitt & Slusallek 2006). It
will also be interesting to investigate if our method will maintain the same outcomes
on a more heterogeneous medium that involves a significant mix of bone tissues. Even
though, at least for the thorax, it seems that the results are accurate and satisfying for
dose calculations.

To take full advantage of tetrahedral geometries, a motion compensated version
of this algorithm can be investigated; we believe that it can significantly reduce
computation time in 4D simulations. As stated in (Han et al. 2015), their 4D tetrahedral
phantom performs 40 times slower than the voxel 4D implementation. This statement
indicates that there is still room for improvement in deformation simulations.

Finally, we believe that our region-of-interest method can not only produce accurate
results in dose calculations but also provides a patient-specific phantom construction
method that can simplify the treatment planning in a real clinical environment.
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Phantom Density Number of Loading Simulation Total time
mapping elements time (s) time (s) (HH:MM:SS)
algorithm
Voxel-based MLP - 11239424  377.079 48490.1 13:34:27
MLP tetrahedral mesh MCM 892 0.0156 23538 6:32:18
6239 0.4652 27831.6 7:43:52
45094 34.2065 32096.5 8:55:31
CM 892 0.0155 23579 6:32:59
6239 0.2817 26936.4 7:28:57
45094 34.7164 32345.8 8:59:41
EFFD 892 0.01471 23182.9 6:26:23
Voxel-based thorax - 11025375 313.853 27408.9 7:42:03
phantom
Thorax tetrahedral mesh MCM 13566 9.67524 215824 5:59:52
344599 5769.45 232944 8:04:24
CM 13566 8.23905 21426.1 5:57:14
344599 6362.28 23829.8 8:23:12
EFFD 13566 9.86269 21768 6:02:58

Table 3: Loading and simulation time of the Multi-layer phantom (MLP) and the thorax
geometry using 12 x 10 protons in Monte Carlo simulations. Time is reported in seconds
(s) or in hours:minutes:seconds (HH:MM:SS).
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Figure 10: Cumulative dose volume histogram of the gross tumor volume (GTV) of the
thorax geometry using MCM, CM and EFFD. Left: coarse mesh with 13k tetrahedrons
is used. Right: a refined mesh with 344k is used for MCM Touileb et al. 2016, CM

Ishikawa et al. 2009.
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Figure 11: IsoDose of a sagittal slice of patient case . Isolines are from the inside to the
outside: 90%, 78%, 68%, 57%, 46%, 36%, 25% and 15% of dose max.

4 Conclusion

In this paper, we have presented a new method for dose computations using tetrahedral
geometries, which employs particle beam parameters (i.e., direction and shape) in
the density mapping algorithm. Thus, by calculating an effective density map that
minimizes the error of the water equivalent path length of the beam rays. This approach
aims at providing a precise dose distribution in a given target using a simplified geometry,
resulting in a significant decrease of tetrahedral elements. Monte Carlo transport
simulations with 270 MeV proton particle beam, were performed for a cubic multi-
layer phantom and a thorax geometry. Furthermore, the computational performance
and dose accuracy were examined for both cases in comparison to the voxel-based
phantom constructed with the CT-images. The use of our target-oriented technique
in dose computations can reduce both the transport and the loading time of tetrahedral
geometries since in clinical practice; the physicians are interested in a limited set of
organs at risk and the tumor. This work can be extended and optimized to handle
more volumes other than the tumor, like the organs at risk (OAR). Besides, a motion
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/ compensated version can be investigated to take into account the deformation of the
phantom and the density variation over the breathing phases in the case of lung cancer.
The creation of patient-specific tetrahedral phantoms can take less time by adopting our
approach since the definition of the density map doesn’t mainly rely on the resolution
of the mesh.
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Permanence, perseverance and persistence in spite of all obsta-
cles, discouragements, and impossibilities: It is this, that in all

things distinguishes the strong soul from the weak.

Thomas Carlyle

Motion compensation of WEPL for 4D dose

calculations

4.1  INTRODUCTION

Radiotherapeutic dosimetry aims at determining the quantity of energy deposited in the tumor
volume and the surrounding tissues as a result of an external beam radiation therapy. In the case of
hadrontherapy, accurate dosimetry is needed for treatment planning and verification. The estima-
tion of dose distribution is calculated using computer simulations that require the modeling of the
anatomical features of the patient’s body. As shown in the previous chapters, we have developed a
tetrahedral model that model human anatomy and estimate the dose by defining the density infor-
mation and the material composition in the elements. Then we have further improved the model
by introducing a beam-dependent density mapping method that calculates the density values of the

elements by minimizing the error of the water equivalent path length in the direction of the beam.
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However, this method has been only established in a static configuration where the movement is
not taken into account. Unfortunately, in the case of lung tumors, the continuous density changes
due to respiratory motion affect the ranges of ions which can lead to inaccurate dose calculations.
These deformations need to be considered when calculating the dose distribution in a motion-
induced simulation. To obtain accurate four-dimensional dose calculations, the Monte Carlo sim-
ulations have to be coupled with a motion estimation method and the dose has to be accumulated
over time. In this chapter, we will investigate the extension of the WEPL algorithm to compensate
for the movement in dose calculations. First, we will introduce a method to incorporate the stop-
ping power in the formulae of the WEPL to obtain a more precise effective density map compared
to the simplified version defined in the previous chapter. Then, we will measure range uncertain-
ties related to both methods compared to an experimental value calculated using the Monte Carlo
code. Then, we will present a method for the updating of the density values for each tetrahedral
element over time. Finally, we will compare our tetrahedral based algorithm results to the gold
standard voxel-based structure using a 4D multi-layer phantom (4DMLP). Furthermore, possible

future directions are presented.

4.2 CALCULATION OF WATER EQUIVALENT THICKNESS IN PROTON BEAM IRRADI-

ATION

As stated in the previous chapter, the Water equivalent path lenght (also known as the water equiv-
alent thickness (WET)) is defined as the mass thickness of liquid water described in (g.cm*) that
causes a particle beam to lose the same amount of energy as the beam would lose by traversing a
certain depth of a material [175][176][177] [178][178][179][180].

In the previous chapter, we have used a simple deterministic formula to estimate the value of
the water equivalent path length in the algorithm of the effective density calculation. However, we
have ignored the value of the mean stopping power of both water and the material by making the
assumption that most thorax tissues have a stopping power ratio (%) close to 1 in the following

equation reported by Zhang and Newhauser [177]:

Sm
WEPL = ¢, = tmp—"': (4.1)
Pw SW
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where t,, and t,, are the thicknesses of water and the target material, respectively. p, and p, are
the mass densities of water and the material, respectively. Finally, S,, and S,, are the mean values of
mass stopping power for water and the material, respectively.

We will referrer to our simplified version of the WEPL as the WEPL simplified or WEPLypiified

in the rest of the document, and we define it in the following equation as:

WEPLsimpliﬁed =t, = tmf)_m (4-2)

Another parameter that could be alternatively used beside the WEPL(or WET) to specify the
particle range, is the water equivalent ratio (WER) [ 181], which is the ratio of WET to the material
mass thickness in [g.cm ™| and defined as t,,/t,,. This parameter has the advantage to be nearly
constant at different proton energies for a specific material [ 182]. This ratio is also considered as
the relative stopping power (RSP).

In this section, we will consider the stopping power ratio between the material and the water to
calculate the water equivalent thickness and study its effect on the beam range and dose distribution
in comparison of our previous method.

Several methods for calculating WET in proton beams were suggested in the literature [175]
[82] [183]. Nevertheless, these methods use either a time-consuming iterative numerical method
or fast and approximate techniques of unknown accuracy. Authors in [176][177] introduced an-
alytical formulas based on theoretical range-energy relations, that are supposed to achieve 1 mm
uncertainty in WET in the case of proton fields. However, their method only takes into account a
limited number of target materials and thickness and also considers only energies inferior to 250
MeV. However, in clinical practice, the treatment planning systems for proton therapy require a
CT calibration curve relating the Hounsfield units to the relative stopping power of the materials to
calculate the WET. The most common technique to the calibration is the stoichiometric approach
[ 184] that has the advantage of being straightforward and well-defined. We will adopt this method
to calculate the RSP of different materials in the CT-images since it requires less computation time

and also for its accepted accuracy.
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4.3 CT HU-To-STOPPING POWER CALIBRATION

The Calibrated computer tomographic data are the primary input for hadrontherapy treatment
planning systems that handle tissues inhomogeneities effects. The beam range required for pa-
tient treatment is calculated by converting the CT HU numbers to particle stopping power values
using an HU-to-SPR calibration curve (see figure 4.3.1). This stoichiometric calibration method is
designed to estimate the water equivalent thickness and to determine the particle range for various
human tissues. Three separate linear fits were done for three main categories: adipose tissues, the
organs, and muscles, and finally, bone structures. It is expected that the range of the particles in
the human anatomy can be controlled to better than £1.1% of the water equivalent range in soft
tissue and to £1.8% in bone structures in which it translates to a precision that varies from 1 to 3
mm [185]. The resulted WEPL is referred to as the WEPL; (i.e., stoichiometric water equivalent
path length). Furthermore, to evaluate the WEPL, we have calculated the experimental WEPL
using Geant4 Monte Carlo code and a Multi-layer phantom. The experimental value will be con-
sidered as the reference to estimate the difference in the beam range for both the WEPLj,feq and
the WEPLy. In the following sections, we will first present the Multi-layer phantom geometry and
material composition than we will discuss in detail the calculation of the range of the beam and its

validation.

4.4 MULTI-LAYER PHANTOM (MLP) CASE

The Multi-layer phantom will be used for the validation of the WEPL calculation as well as in the
deformation simulation. In the same way as the Multi-layer phantom of the previous chapter, we
will use four layers of matters, including tumor, lung, bone, and muscle tissues from the inside to
the outside. The density values and the corresponding HU numbers are depicted in table 4.5.1.
The only difference relies on the thickness of the layers and the proportions of the phantom (see
figure 4.4.1). These values were chosen to obtain integer proportions in the voxel-based structure,

even in the deformation of the geometry.
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Figure 4.3.1: HU-to-relative stopping power for different human tissues. Image from [185].
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Figure 4.4.1: The geometrical configuration of the 4D multi layer phantom (4DMLP) with
four layers of matter.

4.5 EXPERIMENTAL CALCULATION OF THE WEPL

A precise estimation of the water equivalent path length is essential for the algorithm of the creation
of the effective density. Therefore, in this section, we will first calculate the experimental WEPL and
then compare it to the simplified WEPL value used in the previous chapter and the value computed
using the stoichiometric method. To define the experimental water equivalent path length, we
will calculate the difference between the beam range obtained with a water volume, and the beam
resulted using the geometry volume alongside the water volume. In the case of the multi-layer
phantom, we will have the configuration depicted in figure 4.5.1, in which we will only extract the
tissues that are before the central cube, representing the tumor.

The clinical proton range is defined as the depth distal of 80% of the maximum dose in a pristine
Bragg Peak value (Rg,% ) in which 50% of the protons stopped independently of the energy spread
of thebeam[177] [186] [25] [187] [188]. The particle range is dependent on particle energy, type
and the material of an absorber. If a slab of thickness t,, of a non-water material is placed in front of
R:hg;ted

aliquid water phantom that generates a range Ry, it will produce a range of R, ¢, using the same
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Layer Materials HU Density (g.cm™?)
o Adipose tissue (Tumor) -55 0.967
1 Lung tissue (Lung inhale) -789 o0.217
2 Marrow bone (Bone) 943  1.57§
3 Soft tissue (Muscle) 50 1.061

Table 4.5.1: Materials, density considered in the 4DMulti-layer phantom (4DMLP). Data
adapted from ICRU Report 49

Energy (MeV) 50 (low energy) ‘ 90 (medium energy) ‘ 250 (high energy)
WEPL, (mm) 28.20
WEPLsimplzfied (mm) 28.53
WEPL,, (mm) 27.95
Absolute Relative Error of WEPLpiified (%) 1.17
Absolute Relative Error of WEPL,, (%) 0.94

Table 4.5.2: Errors of the wepl calculated between the reference WEPL(WEPLg,) and the
WEPLgmpiified and the WEPL using three different energies. These values are calculated on
the layers before the tumor of the 4DMLP (figure 4.5.1). The WEPLg, reference value is the
difference between the WET calculated using only the Water phantom and by adding the
4DMLP matters that are before the tumor (see figure 4.5.2)

monoenergetic proton beam. Thus, WEPL here is defined as:
Shifted
WEPL = t, = Ry, — Rortt (4.3)

We will use the experimental WEPL as the reference value to evaluate the WEPLy,pi.s and the
WEPL, for a geometry setup in the MC simulations. We obtained, as a result, the same value of
thickness using three different initial beam energies: low, medium, and high energy(i.e., 50, 90 and
230 MeV respectively). The two Bragg peaks are presented in figure 4.5.2 .Moreover, even though
the absolute relative error of the both the WEPL;;ifeq and the WEPL; don’t exceed 2%, the stoi-
chiometric WEPL reduce the error to 0.94% ( as depicted in table 4.5.2 ). In the following sections,
we will evaluate the impact of this difference of range on the dose distribution of the tetrahedral

mesh.
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Figure 4.5.2: The normalized dose-versus-depth profiles for the simulated liquide water phan-
tom and the integration of the materials of the MLP that are before the tumor volume. These

curves were produced using a 90 MeV beam to calculate the WET of the Materials of MLP
described in figure 4.5.1. The WET will serve as a reference and it is equal to 28.2 mm.

4.6 EFFECTIVE DENSITY CALCULATION USING STOICHIOMETRIC WEPL

Before the simulation of the particle-matter interactions with the tetrahedral mesh, the density val-

ues inside every tetrahedral element need to be defined using a density mapping algorithm. In

chapter two, we have established a mass conservation mapping algorithm named MCM that re-

spects the principle of mass conservation. Then, we have defined another algorithm that works

on coarse meshes to reduce simulation time. This algorithm is the effective density mapping (or

EFFD), and it minimizes the error of WEPLgippiifiea in the direction of the beam and generates bi-

ased density values in the tetrahedral elements that intersect the beam. In this section, we will use

the same algorithm to alter the density values of the intersected elements. The only difference re-

sides in the fact that instead of calculating the densities in the system of equation, we will calculate

the stopping power and furthermore calculate the mass density accordently. The stoichiometric

WEPL is defined as :

Pmsm

WEPL, = t,, = £, " =2 = t,,p.

Pw SW

(4.4)
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with p_the stopping power ratio (SPR) between the matter and the water.

Since we want to respect only the WEPL,; of only the mediums before the tumor, we define for
every ray r; of the beam a polyline L; that goes from the exterior surface of the geometry to the
tumor site.

Given a tetrahedralization 7 of a domain D representing a medium M, we define the set of all
the elements in intersection with 7_as:

n m

Iﬁdw = {kU e | e €T N ﬂdir}, where 8, = {U L,}, n is the number of elements of 7
—o

that intersect 8., m is the number of radiation rays representing . and e is a tetrahedron in

1=0

intersection with the beam f &

The WEPL; of a given polyline of the beam L; is given as follow:

WEPL = /Lps(r)dl (4-5)

Knowing that the polyline L; is characterised by a sequence of line segments (lm, s l,-,q) rep-
resenting the intersection with 7 . We define the water equivalent path length of a given polyline

L;as:

WEPL,(L,) — / p.(r)dl (46)

L;

The WEPL,, is redifined as :

q
WEPL,(L;) = Y p¥(e) x I, (47)
j=o

Where q is the number of elements of 7 that intersect L;, ¢; is a tetrahedron from Z; that

intersects L; and pfﬁ is the relative stopping power function defined on 7 as:
Peff: {Iﬁdir - R
S g — pI(e)

p* represents the biased values of SPR to calculate for the tetrahedral elements in the direction of
the beam. To define the p:ff we minimize the error of the WEPL, between the voxel-based geometry
and the WEPL . Furthermore, to calculate the unknown p% we obtain the following linear system:
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Ax =D
11,1 lx,z ll,n gﬁ(el) VVEPL;t
lz,l lz,z e lz,n Psﬁ(ez) VVEPL;
WhereA= [ = " 7 l,x= """ [andb=|
Zm,l lm,z e Zm,n P§ﬁ<en) WEPL?:

li: is the length of the line segment of the intersection between the line L; and an element e;.
WEPLY, is the water equivalent path length calculated using the reference CT image with the sto-
ichiometric method. Solving this system outputs the vector x of the effective stopping power val-
ues of p?' that need to be assigned to each tetrahedron of the mesh. To solve this sparse over-
determined linear system, we have calculated an optimized solution using a constrained quadratic

programming method of the form:

minimize ixTHx + T«
QP subject to: Ax = b
Ib<x<ub

H: the quadratic matrix (n x n) defined as H = A”A, x: the vector of decision variables (n X 1)
that represents the unknown-density-values vector of p?, c: vector of linear objective function co-
efficients (n X 1), defined as c = —A”b, and finally Ib and ub represents respectively the lower and
the upper bounds applied to density values. Moreover, the the interior-point-convex algorithm de-
scribed in ([189], [190]) hase been used to solve the problem since it is suited for sparse quadratic
programs and also for its faster optimization time compared to other methods.

Now as the effective relative stopping power p? is calculated for every elements in 74, , the next
step consists of converting the stopping power values into their corresponding mass density values
to be used in the Monte Carlo simulation code. For this purpose, we have defined a corresponding
curve based on Schneider et al. works on conversion of CT-number to relative stopping power

[184] and CT-number calibration to density values [ 153 ]. This curve is depicted in figure 4.6.1

4.7 EVALUATION AND RESULT

In this section, we present an application of the deformable tetrahedral-based dose calculation

method previously described in this chapter to moving organs such as the multi-layer phantom.
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Figure 4.6.1: Mass density values vs relative stopping power.

We start by presenting the simulation setup used to simulate a passive proton beam, then we evalu-
ate the dose distribution using the cumulative dose volume histogram (CDVH) and gamma index.

Finally, We conclude by presenting the disadvantages of the method and future improvements.

4.7.1 SIMULATION SETUP

To simulate the deformation of the Multi-layer phantom, we have applied a scaling factor to the
vertices of the tetrahedral mesh. All the volumes were scaled with 1.2, 1.25 and 1.2 for step,, step,,
and step;,respectively. Nevertheless, we have maintained the tumor volume unchanged throughout
the deformation since we aim at studying the impact of the density variation of the tissues before
the tumor volume on the dose distribution of the target. The length of the cubes of the MLP and
their densities are represented in table 4.7.1. It is worth mentioning that the values of the relative
stopping power p_are calculated using the curve illustrated in figure 4.3.1. For particle simulation,
we have used a 9o MeV passive beam with sigma energy spread of 0.2%, a step size limit of 0.05

mm and a cut-off value of 0.1 mm. These values were chosen to have accurate results as they are
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below the thickness of the mean volume of all the tetrahedrons. Moreover, to cover the target
volume in depth, we have used six squared particle sources, as shown in figure 4.7.1. Each of them
is placed inside the water volume and generates a BP with a given intensity. The resulted SOBP is

furthermore collimated and flattened using a ripple filter.

Collimator Ripple filter

Water volume

Particle sources

4DMLP

Figure 4.7.1: Geant4 simulation setup of the 4D MLP. The same configuration is used for
every step of scaling. A ripple filter was used to flatten the Spread-Out Bragg Peak (SOBP).

4.7.2 4D DOSE EVALUATION

To evaluate the dose map of the tetrahedral mesh generated using the WEPL, we use the voxel-
based structure as our gold standard. Moreover, we have also simulated the tetrahedral models
created using other density mapping algorithms, including the centroid method (CM), the mass
conservation method (MCM), and the EFFD method using the WEPLgyiifica- The purpose s to as-
sess the dose distribution inside the target volume using the 4D multi-layer phantom. The metrics
that are used for evaluation are the Cumulative dose-volume histograms (CDVH) and the gamma
index evaluation (7). The former will give an overview of the target coverage and the homogeneity
of the dose over the entire volume, while the latter illustrates the difference between the calculated
dose and a reference dose map. In the gamma evaluation, a distance-to-agreement criterion of 3
mm and a 3% dose difference in agreement with clinical standards were used for all dose compar-

isons.
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Cubeo Cube1 Cube2 Cubej
Cube length [mm] 20 40 60 80
Density[g.cm™?] 0.967  0.217 1.575 1.061
Step o HU -55 -789 943 50
HU calibrated 945 211 1943 1050
SPR (ps) 1.0076  0.211 1.5098 1.0728
Cube length [mm] 20 48 72 96
Density[g.cm ™3] 0.967 0.11 0.911  0.614
Step 1 HU -55 -894 -116 -405
HU calibrated 945§ 106 884 595
SPR (ps) 1.0076  0.106 0.884 0.595
Cube length [mm] 20 60 90 120
Density[g.cmﬂ] 0.967 0.058 0.466 0.314
Step 2 HU -55 -945 -548 -696
HU calibrated 945§ 55 452 304
SPR (ps) 1,,0076  0.055 0.452 0.304
Cube length [mm] 20 72 108 144
Density[g.cm™?] 0.967  0.033 0.27  0.1819
Step 3 HU -55 -968 -739 -825
HU calibrated 945 32 261 175§
SPR (ps) 1.0076  0.032 0.261 0,.175

Table 4.7.1: 4ADMLP deformation parameters including cube length, mass density, HU, HU

calibrated and the relative stopping power in each simulation step.
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Figure 4.7.2(a) shows different CDVHs inside the tumor volume (i.e.; cube, ) for the static sim-
ulation or step,. We can notice that the centroid method (CM) gives the worst results which were
expected since the density value of a tetrahedron element is defined using the density of the voxel
that contains its centroid. As for MCM and EFFD using WEPLy,,ii.q, even though the dose dis-
tribution is slightly better in EFFD both methods demonstrate similar outcomes. However, we
can clearly state that correcting the WEPL in the EFFD method gives a similar dose homogeneity
compared to the voxel-based dose map. The same observation applies to the CDVHs of the accu-
mulated dose maps shown in figure 4.7.2(b). Even though the difference between the WEPLgimpiified
and the WEPLy; is less than 1mm, it has an impact on the dose distribution. Furthermore, more pre-
cise information regarding the dose are illustrated in table 4.7.2. Statistical information including
D ,veans Diminy Dinax are calculated for all the used density mapping algorithms. The more interesting
value corresponds to the homogeneity index HI which is defined as the ratio between the mini-
mum dose in 5% of the target volume (i.e.; D) and the minimum dose in 95% of the target volume
(i.e; Dys). The value of HI increase as the dose distribution becomes less homogeneous and an
optimal value is an HI value of 1. Furthermore, we confirm with the obtained HI values that EFFD
with WEPL, has effectively enhanced the homogeneity of the dose in the target with a relative er-
ror of HI less than 1% in both the static and the deformation induced simulations. Besides, the
gamma index distributions are presented in figure4.7.3. As for the gamma evaluation, more than
99% of the values in the gamma map of the tumor are lower than 1 in step, and the entire simu-
lation, which indicates an excellent agreement between the dose distributions of the EFFD with
WEPL corrected and the voxel reference. Additionally, we obtained the gamma values of 95% and
98% for CM and MCM, respectively.

As a conclusion, even though both EFFD methods give very reliable results, EFFD with cor-
rected WEPL inherit the same flaws of the simplified one which is related to the decision of cal-
culating a coherent dose inside a target while ignoring the rest of the tissues. This result is stated
in figure 4.7.3, where we can see the difference between EFFD-based methods and the reference
in the regions outside the target volume. The values calculated on the entire geometry shows that
in static we have a gamma index values of 96.95%, 98.31%), 93.86% and 94.41% for CM, MCM,
EFFD with WEPLy;,piifi.s and EFFD with WEPLg, respectively. In the end, it is up to the user to
choose between a target-oriented method that only emphasizes a specific region of the geometry

and ignore the dose in the remaining tissues. and a method like MCM where a significant number
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of the tetrahedron is required to produce a good dose accuracy. It will be interesting to study in the

future a multi-target version of the EFFD method where the therapist can define several volumes

of interest and ignore the rest of the geometry.
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Figure 4.7.2: Cumulative dose volume histogram of the (a) static simulation and the (b)
dose accumulation of motion simulation.

Density mapping algorithm  Dyean [Gy]  Dyin [Gy] Dy [Gy] HI Relative
error of HI
[%]
Vozxel-based 4DMLP 13.2952 11.17 14.8263 1.1014§ -
CM 12.8041 0.75932 15.1921 1.40721 27.76
Static MCM 13.0566 1.74914 14.9133 1.16916 6.15§
EFFD_WEPLgpiified 13.0712 7.53829 14.6021 1.16051 §.36
EFFD_WEPL .y rected 13.1788 8.40928 14.58 1.10373 0.21
Voxel-based 4DMLP 51.2268 40.9837 56.1509 1.12751 -
CM 49.8246 4.60465 55.8406 1.27016 12.6§
4D MCM 50.7342 17.0481 55.7874 1.16772  3.57
EFFD_WEPLgpiified 50.2388 23.3868 55.0002 1.16686 3.49
EFFD_WEPL ., ected 50.7039 29.8808 55,1559 1.13809 0.94

Table 4.7.2: Evaluation of dose distribution in the tumor volume of the 4D multi-layer phan-
tom for step, and 4D simulation. Dy, Dymax, Dmean are respectively the minimum, the maxi-
mum and the mean dose deposited. HI is the Homogeneity index.
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Figure 4.7.3: Axial slices of the ADMLP gamma index evaluation of CM, MCM, EFFD with
WEPLgmpiifiea and EFFD with WEPLg; of deformation-induced simulations. A Dose to agree-
ment (DTA) of 3 mm and dose tolerance of 3% were used in all the simulations. The regions
that fail the criteria in the gamma evaluation are clearly identified where gamma index is > 1.
Right: a second scale was used to isolate the regions that fail the test.
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4.8 CONCLUSION

In this chapter, an improvement version of the effective density mapping algorithm has been pre-
sented. We have used a stoichiometric method to estimate the water equivalent path length of the
tissues before the tumor to calculate the stopping power of the materials of the tetrahedral ele-
ments. Afterward, we have converted the stopping power onto density values to be used in the
Monte Carlo simulation. Once the density map is improved, we have emulated a deformation field
by applying a scaling factor on the Multi-layer phantom. The density values were updated by re-
specting the principle of mass conservation and that by respecting the mass of the elements in each
simulation step. Final results have shown that our model gives better dose homogeneity in the tu-
mor volume than the CM and MCM methods. Moreover, the correction of the WEPL formula has
improved dose homogeneity in the tumor volume compared to the simplified version defined in
the previous chapter. However, in the other tissues outside the tumor, the dose accuracy is not nec-
essarily respected since by essence our method is optimized to the target volume only and ignore
the density values of the elements in the that intersect the beam. It will be interesting to extend
our algorithm to incorporate more than one target volume to optimize the density values in the

direction of the beam.



Success is not final, failure is not fatal: it is the courage to con-

tinue that counts.

Winston Churchill

General conclusions and future perspectives

Oncological hadron therapy represents a promising alternative solution to the ubiquitous conven-
tional megavolt photon therapy especially for the treatment of deep-seated local tumors. This tech-
nique uses heavy-charged particles like protons or carbon ions to irradiate the tumors. The partic-
ularity of heavy-ion particles resides in the fact that they deposit most of their energy at the end of
their range creating the Bragg Peak. This property guarantees precise irradiation of the target vol-
ume and less damage to healthy tissues. Nevertheless, since the range of particles depends on the
density and the chemical composition of the traversed tissues, hadron therapy is very sensitive to
tissues deformation and patient set-up during the treatment. Therefore, respiratory-induced organ
motion constitutes one of the most difficult challenges of treatment planning in Hadrontherapy,
and it represents a significant source of uncertainty in the estimation of dose. The complexity of
organ deformations during respiration and the non-reproducibility of the breathing patterns make
existing image-based dose calculation techniques prone to errors. This fact pushed many research

labs to develop biomechanical models that use finite element analysis. Among these labs, our team,
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in collaboration with IPNL laboratory, have developed in the past decade, a biomechanical model
of the respiratory system that is driven by both ribcage motion and diaphragm contraction. The
final goal is to monitor the model using external surrogates.

However, even though biomechanical models can accurately estimate the deformations and the
position of organs during the treatment, they don’t give a precise material density information of
the simulated tissues. To address this problem, our team has defined a continuous representation of
physical quantities based on the principle of mass conservation. This description aims at calculating
physical quantities like mass density or the dose on the vertices of the tetrahedral mesh by ensuring
the continuity of the represented function. Furthermore, the value of the function can be calculated
at any point inside the tetrahedral mesh using a linear interpolation of the values in the vertices.
Nevertheless, despite the encouraging outcome of this method, the tetrahedral mesh is only used
to accumulate the dose, and the user is constrained to voxelize the tetrahedral mesh to simulate the
interaction between the particle beam and the matter.

In this Ph.D. project, we have demonstrated a 4D dose calculation method based only on tetra-
hedral geometries where each volume is represented with a tetrahedral mesh that deforms with
time. Besides, the internal movement is described using vertex displacement, hence making tissue
tracking implicit.

The first part of our project consists of defining a four-dimensional dose calculation method
based on the principle of mass conservation. The main idea is to create a tetrahedral model that
doesn’t only represents the geometry of the internal anatomy, but also the density and the chemi-
cal composition of the tissues of organs. Additionally, the model has to ensure the deformation of
the anatomy while conserving the mass of all individual tetrahedron. To create the time-dependent
density map required for the Monte Carlo dose calculations, we have proposed a method for den-
sity mapping that map density information issued from CT-images to the tetrahedral mesh. Fur-
thermore, we accumulate the dose overtime on the tetrahedrons to create a dose map. As a result,
we have demonstrated that tetrahedral geometries give accurate dose distributions as voxel-based
geometries in the case of thorax-geometries. Moreover, to confirm our findings, we have stud-
ied the impact of the resolution of the tetrahedral mesh on the accuracy of dose distribution. We
concluded that a fine tetrahedral mesh has to be used to obtain acceptable outcomes. Since the
accuracy of the density mapping algorithm depends on the number of tetrahedrons, particularly

in highly heterogeneous structures like the lung. Another problem arises with the relatively ex-
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cessive number of tetrahedrons, which is the considerable time required to load the geometry and
to simulate the passage of particles in the Monte Carlo simulation. To address this problem, we
have defined another dose calculation method that guarantees an accurate dose distribution while
reducing the number of elements in the mesh. The main idea is to minimize the error of the wa-
ter equivalent path length in the direction of the particle beam instead of respecting the principle
of mass conservation. We first demonstrated that respecting the mass in the hole geometry when
calculating the density values is not enough to guarantee a coherent dose in coarse meshes. Then,
we showed that if the water equivalent path length of the tissues in the trajectory of the beam is
respected, we can use fewer tetrahedrons to represent the patient. As for Monte Carlo simulations,
we generate an effective density map that is dependent on the direction of the beam. This map has
reduced the error of the water equivalent path length by 2 mm in the case of a patient geometry.
Additionally, it leads to a calculation time shorter than the quarter time needed for other density
mapping algorithms for the same dose accuracy.

In the last part of our work, we extend the effective density algorithm to incorporate the defor-
mation of organs. Moreover, we use a more precise description of the water equivalent path length
that takes into account the stopping power of different materials. We conclude that by applying our
beam-dependant algorithm on a tetrahedral mesh with fewer elements, we generate a reliable dose
distribution inside the target volume in both static and motion-compensated simulations. How-
ever, this target-oriented approach ensures dose accuracy only in the target volume and neglects
the other organs. It will be interesting to develop a version of this algorithm that takes into account
multiple regions of interest in the future. We could also study the impact of using carbon ion or

other hadrons on the outcomes of our tetrahedral-based dose calculation.



Linear interpolation

A.1  LINEAR DENSITY VARIATION

PUNCTUAL DENSITY In a n-dimensional space, let there be p+1 points of " : { A, A,,...A, }.

The convex hull C(A) of these points is given by:

P P
ClA) ={M=> 4 Al >0 (i=01,.p),) L=1} (A.1)

In other words, A; are the barycentric coordinates of the point M with respect to the polyhedra de-
fined by the points A;.

For every vertex A; of the polyhedra we associate a positive density value p. = p(A;). Then, for
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every point M € C(A) we define the punctual density p : C(A) — R :
M= Zl A — p(M Zl p; (A.2)

MASS CALCULATION Integrating density (radioactivity density) over a domain equals to finding
the mass (number of disintegrations) of that domain. For example, in a 1-dimensional space the

domain of integration is a line segment (linear mass).

M

Figure A.1.1: 1-D case : line segment AB

Let M € [AB] (Figure 1). The position of M can be written using barycentric coordinates as fol-
lows:

M=M(t)=t-B+(1—1t)-A (A.3)

According to (3) we obtain :

pM) =t-py+(1—1t)-p, (Ag)

Let] = [%4]; A= |det(])] = |AB| If we integrate on [AB] we get:

MassAB:/ ~dM = /A p(M(t)) - dt = AB - /
Me[AB]

Finally we obtain:

Mass,p = |AB| -

+
@ (As)

Next, we're going to analyse the case of a 3-D space (Figure 2). In this case, as discussed before,
the basic shape is the tetrahedron and we're going to calculate its mass by integrating the punctual

density defined in the previous section.
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Figure A.1.2: 3-D case : Volume of the tetrhedron ABCD= é\det(A_B,

AC, AD)|

M and d(M) can be expressed according to equation (3) (p = 3), but for integrating purposes,

we’re going to express them according to equation (4). So,
Me[AM,|=M=0-M,+(1—0)-A, o<6<u1

MOG[KC]:>Mo:t-C—|—(1—t)-K, o<t<1
KeBDJ]=K=7-D+(1—1)-B, o<7<1

And, according to (5), we can express the punctual density of M as follows:

p(M) = (1= 0) - p, + 00— 7)1 — ) - py+0- ¢ pe+0-7(1—7)

“Pp (A.6)
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Let]= | &4 oM oM ] =V -0OwithV = [BY) BC B_A]anddet(V)zé-Vol(ABCD).

0a—t) —10 t(a—1)
e = 0 0 t

o (¢} 1

with det(®) = 0°(1 — 0). We put A> = det(J']) = [det(V) - det(©)]*. Integrating the density
inside the tetrahedron (ABCD) gives:

MassABCD:/ -dM = ///A p(M(z,0,t)) - do - dt - dr.
Me (ABCD

Massapcp = |det(V)|- ///92 1—0)-p(M(z, 0,t))-do-dt-dr = |det(V)|_PA+PB +Pc+PD_
24

Finally we obtain:
PatpPgtpPcTtPp
4

M(ZSSABCD = VOZ(ABCD) : (A7)

A.2  LINEAR INTERPOLATION RESAMPLING (LR)

The intensity varies linearly between grid positions. Unlike nearest neighbor interpolation, the
interpolated intensity is spatially continuous. However, the intensity gradient will be discontinuous

at grid positions.

A.3  RESAMPLING USING NEAREST NEIGHBOR INTERPOLATION (NN)

In the nearest neighbor interpolation, the value of the nearest voxel is taken. That is, it assumes
that the image intensity is piecewise constant with jumps mid-way between grid positions. This

interpolation scheme is cheap as it does not require any floating point computations.
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