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Zusammenfassung

Die Strahlentherapie mit Kohlenstoff-lonen wurde als hocheffektive Modalitét fiir
die Krebsbehandlung entwickelt. Aufgrund der prézisen Dosisverteilungen werden
gesunde Organe in der Umgebung des Tumors besser geschont als bei der Standard-
Radiotherapie mit Photonen. Allerdings ist die Dosisverteilung in der
Strahlentherapie mit Kohlenstoffionen sensitiver auf Unsicherheiten. Daher sind
Strategien zur Uberwachung des Ionenstrahls wihrend einer Behandlung,
idealerweise direkt im Patienten, von grofier Bedeutung. In dieser Arbeit wurde eine
nicht-invasive Methode zur Messung der lateralen Positionen von bleistiftartigen
Kohlenstoffionenstrahlen im Patienten entwickelt. Sie basiert auf der Detektion und
Spurverfolgung der geladenen Kernfragmenten, die den behandelten Patienten als
Sekundérstrahlung verlassen. Die Leistungsfdhigkeit der entwickelten Methode
wurde an patientendhnlichen Modellen, die die klinische Situation nachahmen, am
Heidelberger Ionenstrahl-Therapiezentrum (HIT) in Heidelberg, Deutschland,
untersucht. Dartiber hinaus wurde die entwickelte Methode zum ersten Mal
wiahrend einer Patientenbehandlung getestet. Die Prézision, Genauigkeit und
Effektivitdt der entwickelten Methode wurden als klinisch relevant erwiesen im
Bezug auf den maximal akzeptierten Unsicherheiten von 1 mm. Auflerdem konnte
die Strahlbewegung verfolgt werden, was zukiinftig zur Online Strahliberwachung
genutzt werden konnte. Diese unabhidngige Strahliiberwachungsmethode ist bereit,
an einer grofieren Patientengruppe in einer klinischen Studie evaluiert zu werden.






Abstract

Carbon-ion beam radiotherapy has been developed as a highly effective modality
for cancer treatment. Based on the precise dose distributions of carbon-ion treat-
ments, a better sparing of healthy organs surrounding the tumor site compared to
the standard photon radiotherapy are provided. However, dose distributions in car-
bon-ion beam radiotherapy are more prone to uncertainties. Therefore, strategies to
monitor the ion beam during a treatment delivery, ideally directly in the patient, are
of great importance. In this thesis, a non-invasive methodology to measure the lat-
eral pencil beam positions in the patient has been developed. It is based on detection
and tracking of charged nuclear fragments leaving the treated patient as secondary
radiation. The performance of the developed methodology was investigated in pa-
tient-like models mimicking clinical situations at the HIT facility in Heidelberg, Ger-
many. Moreover, the developed methodology has been tested for the first time dur-
ing a real patient treatment. Precision, accuracy and effectivity of the developed
method were found to be clinically attractive compared to the maximal accepted
uncertainties of 1 mm. Additionally, the beam movement was aiming towards
online carbon-ion beam monitoring. This independent beam monitoring methodol-
ogy is ready to be evaluated on a larger patient group in a clinical study.
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Chapter 1

Introduction

1.1. The role and the benefits of carbon-ion beams in radiation therapy

Different particle techniques have been used and developed over the past years for can-
cer treatments, since particles were first proposed by Robert R. Wilson in 1946, and first
used for treatments at the Lawrence Berkeley Laboratory in 1954 [Giap and Giap, 2012].
The number of particle therapy treatments with protons and carbon ions is increasing
worldwide, and especially in Europe [Grau et al, 2020]. At the end of 2019, more than
250 000 patients have been treated with protons and carbon ions [PTCOG Patient Statis-
tics].

Ions can deliver dose to the tumor in a more conformal manner, i.e., following the shape
of the tumor. This is possible because primary ions stop inside the patient and the max-
imum dose deposition of the ions, the so-called Bragg peak, is placed at the end of their
trajectory. The highly localized maximum dose deposition is the primary physical ra-
tionale for using ions for cancer treatments [Durante and Debus, 2018]. The entire tumor
can be irradiated by adjusting the position of the maximum dose deposition region by
changing the primary ion beam energy. The direct consequence of this is that the healthy
tissue and organs at risk surrounding the tumor can be better spared in comparison to
the existing cancer treatment modalities with photons (e.g., VMAT, IMRT/IGRT, SBRT)
[Fiorino et al, 2020]. In addition, protons and carbon ions in radiotherapy particularly
exhibit an enhancement of their biological effectiveness over radiotherapy with pho-
tons. This is considered the main biological rationale for the use of ions for radiotherapy
[Durante and Debus, 2018].

Among the available particle therapy modalities, carbon-ions offer several advantages
compared to protons. As carbon ions have higher mass than protons, the scattering in
air, inside the patient and even in the beam nozzle is decreased. From this, narrower
carbon-ion pencil beams can be delivered, in contrast to proton beams. Additionally,
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carbon ions have shown higher benefit for treating radio-resistant tumors, minimizing
the toxicity to sensitive healthy tissue [Schulz-Ertner et al, 2006; Combs et al, 2012], as
well as significant benefits for cancer treatments in clinical trials of skull base, head and
neck, gastrointestinal and central nervous system, among others [Malouff et al, 2020;
Schaub et al, 2020]. Moreover, carbon-ion beam radiation therapy (CIRT) has been and
still being studied in combination with other cancer treatment modalities, such as,
chemotherapy, immunotherapy, intensity-modulated radiation therapy and surgery, to
further investigate the full benefits of CIRT [Malouff et al, 2020].

1.2. Challenges of carbon-ion beams in radiation therapy
1.2.1. Carbon-ion treatment uncertainties

Benefits of carbon-ion beams in radiation therapy also bring challenges. These chal-
lenges are related to the delivered dose distribution quality and sensitivity to even mi-
nor changes in the delivery system and in the patient geometry, among others [Eley et
al, 2015]. These uncertainties can compromise the quality of the delivered dose and thus
potentially the outcome of the treatment as well.

Uncertainties can originate from inside the patient due to organ motion, weight loss and
tumor shrinkage along the course of the treatment [Lomax, 2008]. Other uncertainties
can be related to fluctuations in the ion beam parameters, such as the beam energy, size,
position and number of delivered primary ions [Rizzoglio et al, 2020]. These uncertain-
ties can lead to undesirable variations of the ion beam range and lateral beam positions,
deteriorating the proper delivered dose and causing potentially underdosage of the tu-
mor or overdosage of healthy tissue, in particular at organs at risk surrounding the tu-
mor [Lomax, 2008]. Uncertainties can also be introduced during the acquisition of com-
puted tomography or magnetic resonance imaging performed for diagnosis, planning
and treatment purposes [Pereira et al, 2014; FitzGerald et al, 2018]. This imaging proce-
dure can be performed in in-room or out-room modalities, also used to identify poten-
tial changes concerning the patient geometry. Imaging is integrated in the standard clin-
ical routine, following a detailed program for the high-quality treatment to be delivered
to the patient [Jdkel et al, 2000; Molinelli et al, 2013; Zhu et al, 2015; Bizzocchi et al, 2017].

1.2.2. QA limitations

Quality assurance (QA) verifications are based on measurements of the parameters of
the therapeutic ion beams. These beam parameters can be measured before and during
patient treatment deliveries using multi-wire proportional chambers and ionization
chambers located inside the beam nozzle [Parodi et al, 2012], and one multi-wire pro-
portional chamber placed directly at the room isocenter. These QA measurements are



used for machine-related verifications, but they can also be used for patient-related ver-
ifications. Indeed, patient-related measurements are occasionally performed to verify
the designed plans for new treatments and check the suitability of the equipment when
delivering such new treatment plans. For that, treatment plans are delivered onto water
phantoms [Jékel et al, 2001], which do not correspond to the actual geometry of the pa-
tient. These QA patient-related verifications are only performed once before the first
delivery of a new treatment plan.

On the other hand, QA machine-related verifications at the isocenter are carried out
every morning before starting the treatment deliveries of the day [Jakel et al, 2000].
However, such machine-related measurements only verify the beam quality at the iso-
center once per day, and only some beam energies, size and positions are evaluated.

QA machine-related verifications in the beam nozzle are always performed during any
type of irradiation. The real-time verification of the therapeutic ion beam parameters
directly during a patient treatment delivery can only be performed using the multi-wire
proportional chambers and ionization chambers located inside the beam nozzle [Parodi
et al, 2012]. These ion beam parameters are then extrapolated to the room isocenter.

1.2.3. Synchrotron-base facility limitations

In synchrotron-based facilities, the beam is deflected via magnets in the plane perpen-
dicular to the beam direction to irradiate a specific spot. The active raster scanning is
the technique used for the ion beam delivery at the Heidelberg Ion-Bam Therapy Center
(HIT) (see section 2.3.1 for more details). The tumor volume is segmented into virtual
slices. These iso-energy slices are irradiated by changing the ion beam energy. With this
technique, the tumor volume is completely covered by the desired dose. However, car-
bon-ion beams in synchrotron-based facilities suffer from inherent disadvantages com-
pared to cyclotrons-based facilities. The nozzle-to-isocenter distance is much larger at
synchrotron-based facilities and the beam extraction may cause variations of the lateral
beam positions at the isocenter. Uncertainties of 1 mm in the lateral positions of the
beam contribute to a dose inhomogeneity of more than 5 % [Li et al, 2013; Actis et al,
2014]. Moreover, the extrapolation of the lateral beam position from the beam nozzle to
the isocenter is more challenging for synchrotron-based facilities than for those with
cyclotrons, due to the fine-tuning of several components during the beam delivery. At
HIT, where de nozzle-to-isocenter distance is 1.1 m [Tessonnier et al, 2016] ~which rep-
resent an increase of two to five times of the distance compared to cyclotron-based fa-
cilities-, a source point in between the deflecting scanner magnets is considered for the

1 Dr. Stephan Brons, personal communication, HIT, 2020.
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extrapolation. This leads to spill-to-spill variations depending on the beam energy and
size.

Therefore, given all of this, the monitoring of lateral pencil beam positions in radiother-
apy with carbon ions is even of much more importance than with protons.

1.2.4. Need for carbon-ion beam monitoring

Since the already existing real-time beam monitoring system are not in the room isocen-
ter, but inside the beam nozzle, real-time QA methodologies capable of monitoring the
lateral carbon-ion pencil beam positions at the isocenter without interfering with that
point have to be developed.

In particular, the existing QA methodologies use different types of detectors e.g., scin-
tillator detectors, flat panels detectors, parallel-plane ionization chambers, among oth-
ers. No procedures concerning the real-time monitoring of the lateral pencil beam posi-
tions based on hybrid pixel semiconductor detectors are available so far. This thesis ad-
dresses the verification of lateral spot positions of carbon-ion beam scanning during the
treatment delivery using hybrid pixel detectors for particle tracking.

1.3. Aim of the thesis

As described above, misplacements of the lateral ion beam positions in the isocenter
arising from different sources of uncertainties can compromise the quality of the deliv-
ered dose and thus potentially also the outcome of the treatment.

In this thesis, the development of a methodology to monitor the lateral positions of car-
bon-ion pencil beams in the isocenter during scanned carbon-ion beam radiotherapy,
without any interaction with the primary beam, is presented. This methodology is con-
sidered as an independent and complementing tool to the already existing ion beam
verification strategies. In comparison to other beam verification techniques, this meth-
odology addresses the monitoring of lateral beam positions during the treatment deliv-

ery.

This proposed methodology is based on the detection and tracking of charged nuclear
fragments (referred to as secondary ions in this thesis), generated by nuclear inelastic
interaction between the therapeutic ion beams and the target nuclei, and leaving the
irradiated object or patient. The performance of the methodology is evaluated in terms
of effectivity, reproducibility, precision and accuracy.



The secondary-ion signal is detected by using fast hybrid silicon pixel detectors, devel-
oped by the Medipix, and later Timepix, Collaboration with the knowledge gained in
High-Energy Particle Physics at CERN [Poikela et al. 2014].

The detection and tracking of secondary ions using these detectors have been investi-
gated in this thesis to provide information concerning the lateral position of the irradi-
ated spot.

Therefore, the novel methodology proposed in this thesis is a candidate for non-invasive
lateral ion-beam position verifications during the treatment delivery.

1.3.1. Methodology requirements

Important requirements were identified first. This thesis is structured according to the
requirements of the development of a novel independent and complementing method-
ology for the verification of the lateral ion beam position.

a) Since the yield of secondary ions is important for the assessment of the method-
ology in terms of precision and accuracy, the tracking system has to be able to
achieve single ion detection for therapeutic carbon-ion beam intensities.

b) The methodology aims to reach the clinically acceptable uncertainties of £1 mm
in the lateral positions of pencil beam.

c) In order to reach an effectivity of 100%, two positions of the tracking system are
investigated: 0° and 30° relative to the beam direction.

d) The methodology has to allow assessing both lateral directions (vertical and hor-
izontal) and reproducing the pattern of the reference pencil beam scanning
movement laterally.

e) The methodology is designed to work with enough statistics in order to reach
the clinically accepted uncertainties. For that, the tracking system requires tech-
nology capable of overcoming challenges due to the high secondary-ion fluence
rate at the small detection angle (0°). Thus, changes in the hardware of the detec-
tors are introduced, i.e., new chipboards to enhance the synchronization between
the detectors, together with the fine-tuning of detector parameters for an optimal
operation.

f) Most of the existing ion beam monitoring based on secondary ion detection are
designed for the verification of the ion beam range, and some of them are used
in conjunction with positron emission tomography. This proposed monitoring
methodology is intended to be simultaneously used for twofold purposes in fu-
ture: verifications of expected stopping positions and of lateral beam positions at
the isocenter.
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g) For the potential application in daily clinical situations of the proposed method-
ology, treatment plans are especially designed for patient-like objects, as well as
treatment plans for real patients are tested.

1.4. Thesis structure

The structure of this thesis is the following. Chapter 2 describes comprehensive back-
ground of the physical processes involved in the interactions of therapeutic ions with
matter, and the differences in the beam delivery techniques between therapy centers
based on cyclotron and synchrotron accelerators. Experimental configurations, the used
detection and tracking system and the developed data analysis techniques are presented
in Chapter 3. The found results are presented and discussed in Chapter 4. Chapter 5
gives an outlook summarizing future investigations, and conclusions.

The content of this thesis is based on three main investigations as follows:

i.  Experiments in a head phantom with the tracking system positioned at 30° rela-
tive to the beam axis

ii.  Experiments in the head phantom with the tracking system positioned at 0° rel-
ative to the beam axis, divided in two parts:
a. Comparison with the experiments performed at 30°.
b. Measurements to assess the capabilities of the monitoring methodology
using a real patient treatment plan.

iii.  First clinical application of the proposed monitoring methodology performed
during a patient treatment with the tracking system positioned at 30° relative to
the beam axis.

A part of the presented results was already published (see section 4.1) [Félix-Bautista et
al, 2019] and accepted for a second publication (see section 4.2) [Félix-Bautista et al,
2021].



Chapter 2

Physics and radiobiology of carbon-
ion beams and methods for moni-
toring in radiation therapy

In this chapter the physical processes of the passage of ions through matter, including
the detection of ions with semiconductor detectors, and the radiobiological aspects of
carbon-ion beam radiotherapy are explained. The most relevant topics in these fields for
a better understanding of this thesis are presented in the following order. In section 2.1,
physical concepts as stopping power, energy and range straggling, lateral scattering and
nuclear fragmentation as interactions of ions interacting with matter are described. In
section 2.2, these interactions of ions with matter are presented from a clinical perspec-
tive. The radiobiology of therapeutic ion beams in radiotherapy is explained in section
2.3. In section 2.4, the differences concerning the operational parameters and the ion
beam delivery between cyclotron- and synchrotron-based cancer treatment facilities are
described. Finally, a brief explanation about semiconductor detectors is given in section
2.5, since the detection of ions created during carbon-ion irradiations in this thesis is
based on this type of detectors.

2.1. Physical processes of ions in matter
2.1.1. Stopping power

The stopping power (S) of ions, is defined as the mean energy loss (dE) in a path length
of any material (dx), as shown in equation 2.1:

dE
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The minus sign in equation 2.1 is introduced to have positive values for the stopping
power although the change of the energy of the ion is negative. The stopping power has
contributions of energy loss due to inelastic interactions with electrons of the target, due
to elastic interactions with the nuclei of the target and due to radiative processes, so-
called Bremsstrahlung (see Figure 2.1).

Range (C) 1 um 10 pm 1 mm 10 cm
] Il 1 1
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—2C electronic stopping
== '2C nuclear stopping
= 800} = p electronic stopping
E
=
~
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Figure 2.1. Stopping power of carbon ions and protons in water as a function of energy. Reprinted from Schardt
et al, 2010.

The elastic interactions with target nuclei at low ion energies of 10 keV/n is only present
at the very last few pm of the carbon-ion range. Bremsstrahlung of ions is also negligible
for energies up to several GeV/n, because of the much larger mass of the ion with re-
spect to the electron mass [Zyla et al, 2020]. Hence, for ion energies used in radiotherapy
reaching up to several hundred MeV/n up to 240 MeV /n, in the irradiation performed
in this thesis, energy loss is mainly caused by electronic interactions. The electronic stop-
ping power (Sekc) is described by equation 2.2, well-known as the Bethe-Bloch equation
[Bethe, 1930; Bloch, 1933; Fano, 1963; Zeitling et al, 2007]:

¢ - 27T64NZZZ 2l 2m,c?p? 252 _ s 2C 59
elec — mecz AABZP n 1(1_32) B Ak ()

where me and e are the electron mass and charge, ff = v/c, where v stands for the velocity
of the ion and c for the speed of light and. The nuclear charges of the ion and the target
are z and Z, respectively, Na is the Avogadro’s number, A and p is the atomic weight and
the density of the target, respectively. I stands for the mean ionization energy of the



target. The last two terms indicate the shell effect (2C/Z) and the density effect (6) cor-
rections. The former term corrects for the ion velocity that is assumed to be much higher
than that of the orbital electrons in the atom. The latter term corrects for polarization
effects that appears in the trajectory of the ion due to dielectric target’s properties. From
equation 2.2, it is clearly seen, that the energy loss increases while decreasing the veloc-
ity of the ion. This is indicated as the 1/5? dependence.

When using therapeutic ion energies, which implies non-relativistic energies, f is ap-
proximated as a function of the energy per nucleon of the incident ions (E»), given by
equation 2.3:

(2.3)

oo
Il
Nl

where A is the atomic weight and E is the energy of the incident ion. From this, the
stopping power of an ion in human tissue can be expressed in terms of the stopping
power of a proton, as indicated in equation 2.4 [Schlegel and Bille, 2002]:

Si(En) ~ ZiZSp(En/A)' (24)

where S, is the stopping power of a proton and z; is the charge of the ion. Knowing the
ion stopping power, another important characteristic of ion beams can be calculated.
The mean ion range (R) is defined as the mean traveled path length before the ion stops
inside a medium. The range of ion in matter can, therefore, be determined as the integral
of the inverted stopping power over the beam energy, from E =0 MeV /n to E = Ey, being
the initial energy. This is expressed by equation 2.5:

0

dE\™"
Respa = f (E) dE, (2.5)

Eg

where Rcspa stands for the ion range in the continuous slowing down approximation
range. Examples of ion ranges for different ion types in water are depicted in Figure 2.2.
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Figure 2.2. Ion ranges for different ions in water. Reprinted from Schardt et al, 2010.

2.1.2. Straggling of energy loss and of range

While losing energy, ions are slowing down until rest. It is at the end of their path where
the maximum energy deposition takes place, which is well known as Bragg peak. Alt-
hough the equation 2.2 is describing the energy loss of ions in a material, there are sta-
tistical fluctuations of the energy loss, the so-called energy loss straggling, affecting the
Bragg peak. Such fluctuations can be described by the Vavilov distribution (Vavilov,
1957). It has to be pointed out, that the energy loss depends on the number of ion inter-
actions within the material. From here, a discriminating parameter k is introduced and
defined as the ratio of the mean energy loss of the incident ion (AE) and the maximum
energy transferred in a single collision (E,,4,), as indicated in equation 2.6:

k=—ou (2.6)

Ignoring the logarithmic term in equation 2.2, the mean energy loss (AE) can be approx-
imated by the equation 2.7 (Leo, 1994):

MeVcecm? Z 72

AE =0.1 ——
0.1535 A px,

2.7)
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where A is the atomic weight, and p and x are the density and the thickness of the mate-
rial in units of g/cm3 and cm, respectively. The maximum energy transferred in a single
collision is given by the equation 2.8 (Leo, 1994):

2m,c? (By)?
142 (3) i+ B + (G)

Emax =

2’ (2.8)

where M is the mass of the incident ion and y = 1/,/1 — 2. For discriminating parame-
ter k <10, the material is considered thin, and for k > 10 the material is thick. If this is the
case (k > 10), the statistical fluctuations described by the Vavilov distribution can be
approximated by a Gaussian distributions expressed in the equation 2.9 (Leo, 1994):

1 _
AE) = —— e(AE—AE)Z/ZO'Z’ 29
f(AE) Nz (2.9)

where AE in the energy loss, AE is the mean energy loss and o is the standard deviation
of the distribution. In the case of therapeutic ions (e.g. carbon ions with energies up to
430 MeV /n, corresponding to a velocity of § < 0.7), the standard deviation o is approxi-
mately proportional to the thickness x, density p, atomic number Z and atomic weight A
of the irradiated material.

The energy loss straggling directly leads to variations of the range, known as range
straggling. The direct variance of the range straggling (o#?) is given by equation 2.10:

dE -3
f dE, (2.10)

o

where o is the variance of the energy loss straggling. Nevertheless, the heavier the ion,
the less is the range straggling, because of the inverse dependence on the mass of the
ion M, as seen in the equation 2.11.

1
R (o = (2.11)
R M

This is the cause of a narrower Bragg peak as observed in Figure 2.3, in particular for
carbon ions.
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Figure 2.3 Bragg peaks of protons (green curve), helium ions (orange curve) and carbon ions (red curve) in com-
parison to photons (blue curve). It is seen, that the heavier the ion the sharper the Bragg peak. Adapted from
Kréamer et al, 2016.

2.1.3. Lateral scattering

Ions undergo Coulomb interactions with the nuclei of the target (e.g., human tissue),
causing small deflections that result in the well-known multiple Coulomb scattering
(MCS). This effect produces a broadening of the ion beam in the lateral directions. The
Coulomb scattering is described by the Moliére theory [Moliere, 1948], for small scatter-
ing angles of multiple interactions. However, for larger scattering angles, the resulting
distribution is more similar to that from the Rutherford scattering. An approximation
can be done for small scattering angles, resulting in a Gaussian function, where its stand-
ard deviation (o) is given by equation 2.12 [Highland, 1975]:

olrad] = 14.1MeV£\/% [1 +%log10 (%)] (2.12)

Here, p, fc and z stand for the momentum, the velocity and the charge of the incident
ion, respectively, d is the penetration depth and L is radiation length of the target mate-
rial. In this equation it is assumed, that the momentum and velocity are constant, i.e., it
is only valid for the crossing of thin materials.

From equation 2.12, the heavier the incident ion is, the smaller the lateral scattering. An
example of this can be seen in Figure 2.4. Comparing protons and carbon ions with the
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same range in water, protons spread by a factor of three to four more than the carbon
ions.

photons 1MV)  ___m___
Carbon (270MeV/u) ——
protons (148MeV) ========

w

o

broadening of the beam ¢ [mm]

0 A N L I (RO S U SR RPN (Tt O S T D |
0 50 100 150

depth in water [cm]
Figure 2.4. Lateral scattering for proton and carbon-ion beams in comparison to X-ray radiation as a function of
depth in water. Reprinted from Jikel, 2009.

Moreover, targets with high-charge elements cause larger angular spreads in contrast
to those with low-charge elements [Schardt et al, 2010]. For targets with inhomogenei-
ties, even small angular deflections can lead to undesirable range straggling.

2.1.4. Nuclear fragmentation

Besides the energy loss and scattering, incident ions undergo nuclear fragmentation
processes while traversing human tissue or any other material in interactions with target
nuclei. Here, the kinetic energy of the ion exceeds the Coulomb barrier, producing such
inelastic interactions. The most frequent interactions are the peripheral interactions due
to geometrical reasons [Gunzert-Marx et al, 2008; Schardt et al, 2010; Kraan, 2015].

Nuclear fragmentation depends on many factors, such as energy and charge of the inci-
dent ions, as well as thickness and chemical composition of the target material. In the
nuclear fragmentation process, other particles known as secondary charged fragments
are produced. These secondary fragments are forward directed and their production
typically increases as the penetration depth of incident ions increases. The produced
fragments are lighter than the incident ions, but have similar velocities, thus secondary
fragment range is longer with respect to that of the incident ions. This leads to a charac-
teristic fragment tail located behind the Bragg peak.

Moreover, secondary fragments can, in turn, undergo more fragmentation processes.
From this, the advantages reached by ions in radiotherapy may be impaired due to these

13



2. Physics and radiobiology of carbon-ion beams

secondary charged fragments (called secondary ions from hereon, and this terminology
also includes protons). Figure 2.5 shows the so-called fragment tail behind the Bragg
peak.
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Figure 2.5. Bragg curve of carbon ions in water. The fragment tail appears due to the forward-peaked directions
of the produced secondary ions. The contribution to only carbon ions is shown by the red curve. Contributions
due to secondary (blue curve) and tertiary (green curve) fragments are shown. The total energy deposition is
indicated by the black curve. Reprinted from Schardt, 2007.

0

Abrasion-ablation model

Nuclear fragmentation processes are described by the so-called abrasion-ablation model
[Serber, 1947; Gaimard and Schmidt, 1965; Hiifner et al, 1975], as depicted in Figure 2.6.
This model is a nucleus-nucleus interaction, when irradiating a human tissue, for exam-
ple, with carbon ions.

In the interaction between the incident ion and the target nucleus, there is an overlap-
ping region of nucleons from the ion and the nucleus. These overlapping nucleons are
sheared off in an excited state. This process is the so-called abrasion (see central image
in Figure 2.6), which lasts between 10-2? to 10-® s, approximately. It has to be pointed
out, that fragments have masses and charges smaller than the incident ion and target
nuclei. Moreover, nucleons not involved in the overlapping region are slightly affected,
and are fragments with a similar velocity and direction of the incident ions. Since they
are lighter, they can reach larger ranges than the incident ions due to the dependence of
the range on A/Z2.
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Figure 2.6. Illustration of a nucleus-nucleus interaction, e.g., a carbon ion as projectile and a nucleus of human
tissue as target. After the interaction, secondary ions from both projectile and target are produced. When some
secondary ions are de-excited, they can also emit photons. Reprinted and modified from Kraan, 2015.

Subsequently to the abrasion process, the remaining fragments experience de-excitation
while evaporating lighter nuclei. This process is the so-called ablation and lasts between
10-18 to 10-1¢ s, approximately (see right image in Figure 2.6). Fragments from target nu-
clei may not leave the material and they can emit isotropically photons and even nucle-
ons with lower velocities when de-excitation occurs to reach the ground state [Zeitlin
and La Tessa, 2016]. Because of their low velocity, such nucleons can only locally deposit
energy in the vicinity of the secondary-ion creation location.

Nuclear fragmentation cross-section of carbon ions

As the nuclear fragmentation is due to nucleus-nucleus interaction, the total cross sec-
tion comprises the probability of such interactions. In general, the total cross section (o7)
is the contribution of the elastic cross section of the incident ion and the inelastic nuclear
reaction cross section. However, measuring directly the latter is challenging. For this,
other quantities are measured as an appropriate estimation of the nuclear reaction cross
section: charge-changing cross section and mass-changing cross section [Horst, 2019].
The former is related to the proton loss of the incident ions, whereas the latter is related
to the nucleon loss. The partial charge-changing cross section (opcc) is the parameter
related to the fragment production from incident ions [Golovchenko et al, 2002]. For
carbon-ion irradiations of water, experimental results have shown a constant behavior
of opcc in the range of therapeutic energies [Toshito et al 2007]. Figure 2.77 shows the
partial charge-changing cross section of carbon ions irradiated on water. For the range
of the therapeutic carbon-ion beam energies, as used in this thesis (see section 3.2), the
cross section of carbon ions shows a constant behavior.
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Figure 2.7. Partial charge-changing cross sections of carbon ions irradiated on water for change difference of
Boron (left), Beryllium (center) and Lithium (right). Experimental data are compared with results from Monte
Carlo simulations using FLUKA and GEANT4. Reprinted from Bohlen et al, 2010.

2.2. Physical advantages of carbon-ion beam radiotherapy

For each physical interaction explained in section 2.1, the consequences for the applica-
tions of carbon-ion beams in radiation therapy are described. An important physical
quantity used in radiotherapy is the so-called absorbed dose in tissue (D), defined as the
mean of the imparted energy by the ionizing radiation per mass unit at a specific point
[ICRUS85, 2011] given in Gray (Gy) units, as indicated in equation 2.13:

de [J]
D [Gy] = am kgl (2.13)

where d¢ is the energy deposited by the type of irradiation (e.g., photons or ions) in a
mass element dm. For irradiations with ions, the absorbed dose can be also given by
equation 2.14:

p

1
D =1.602 x 10~° [—-
[Gy] 60 0 |- 7

— 214
ml dx ( )

dE [M eV] 1[cm3
cm ’
where ¢ is the fluence of incident ions, p is the mass density of the irradiated material
and dE/dx is the stopping power of the ions.

In radiation therapy with ions, the Bragg peak described in section 2.1.2 and shown in
Figure 2.3 shows a distal fall-off of the absorbed dose. This fall-off can be used for a
better sparing of healthy tissue and organs at risk that surrounds the tumor region, in
comparison to the conventional radiotherapy with photons. Moreover, several Bragg
peaks can be superimposed in depth by varying the initial energy of the ion. This creates

16



a spread-out Bragg peak (SOBP) to cover the whole tumor region, leading to a better
dose distribution, as shown in Figure 2.8.
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Figure 2.8. Comparison of dose-deposition curves with X-rays (green curve), protons (blue curve) and carbon
ions (red curve). The SOBP is shown for proton and carbon-ion curves, covering the region where the cancer
tumor is. Almost no dose is deposited after the tumor region. The values a and b are related to lethal and sub-
lethal damage of cancer cells, respectively. Taken and modified from http:/ /www.teambest.in/particle-ther-
apy/index.html

As aforementioned, ions stop inside matter (e.g. human tissue). In the field of cancer
therapy, this physical characteristic of the ions is used to tailor the distribution of radi-
ation dose to the tumor volume, and to spare healthy tissue and critical organs sur-
rounding the tumor. The Bragg peak positions and depths is adjusted by changing the
incident ion direction and energy, and, in this manner, the tumor volume receives the
entire dose prescribed by the oncologist.

The dose distribution can be affected by the range straggling. As mentioned in section
2.1.2, carbon ions exhibit less range straggling in comparison to that for protons due to

the 1/VM dependence indicated in equation 2.11 [Linz, 2012]. Figure 2.9 shows the dif-
ference between carbon ions and protons concerning the range straggling.
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Figure 2.9. Bragg peaks of carbon-ion and proton beams with the same range in water. Range straggling is
shown to be smaller for the carbon-ion beam than for proton beam. Reprinted from Schardt et al, 2010.

Carbon ions show advantages as less multiple Coulomb scattering and narrower lateral
penumbra compared to protons [Weber and Kraft, 2009; Uhl et al, 2014]. Figure 2.10
shows the different lateral penumbras of a carbon-ion and proton beam.
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Figure 2.10. Shaper penumbra of carbon ions than penumbra of protons. Reprinted from Chu, 2006.

Moreover, as carbon ions are heavier than protons, there is less scattering inside the
beam nozzle and in the patient [Schardt et al, 2010]. However, when targets with inho-
mogeneities are irradiated with carbon ions, even small angular scattering can lead to
undesirable range straggling, which might cause under-dosage in the tumor volume or
over-dosage in the healthy tissue and critical organs surrounding the tumor.
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2.3. Beam monitoring of nuclear fragmentation

Nuclear fragmentation processes not only have disadvantages (e.g., extra dose deposi-
tion behind the Bragg peak). Secondary product of the nuclear processes, i.e., positron-
emitting isotopes, prompt gamma rays and prompt secondary charged fragments
(among them secondary ions), can also be detected and used for the verification of the
ion range and the monitoring of lateral positions of the ion beam inside a patient.

Positron emission tomography

The most common verification of the ion ranges lies on the usage of positron emission
tomography (PET). During the fragmentation process, radioactive isotopes (e.g., 1°0O,
BN, 1C and °C) are generated, and they can emit positrons that annihilate with elec-
trons in the material, producing two opposite gamma rays of 0.511 MeV each detected
by scintillator detectors. This process is dependent of the half-life of the produces iso-
topes, which goes from few milliseconds up to tens of minutes. Thus, PET can produce
functional 3D images that are used to verify the trajectory path of the ion [Enghardt et
al, 2004; Min et al, 2013; Ferrero et al, 2018; Bisogni, 2019]. This technique was the first
to be clinically implemented.

Prompt gamma rays

Another technique to verify the ion range is based on the detection of prompt gamma
rays. Prompt gamma rays are due to excited states of the secondary ions produced dur-
ing nuclear fragmentation. In order for the secondary ions to reach the ground state,
they de-excite by emitting prompt gamma rays, which can be also detected by scintilla-
tor detectors. This technique has been also clinically used in proton beam therapy [Rich-
ter et al, 2016; Xie et al, 2017; Hueso-Gonzalez et al. 2018]. Currently, prompt gamma
are being detected in the frame of prompt gamma spectroscopy for verification of abso-
lute ion range in carbon-ion beam therapy [Dal Bello et al, 2020; Magalhaes Martins, et
al, 2020].

Secondary ions

Secondary ions produced during nuclear fragmentation processes, being energetic
enough, can emerge from the irradiated object. Some low energetic secondary ions de-
posit their energy inside the material, for instance, a patient treated with carbon ions,
contributing to the prescribed dose in a treatment. Studies have shown that the contri-
bution of secondary ions to the dose-to-water depositions is about 14% and 13%, for
protons and helium, respectively, being the most produced fragments; whereas the con-
tribution of lithium, beryllium and boron is about 1.7%, 1.3% and 4.2%, respectively
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[Francis et al, 2014]. Secondary ions with a linear energy transfer smaller than 100
keV/um have the major contribution to the dose [Johnson et al, 2015].

Simulation-based and experimental studies on the angular distribution of secondary
ions generated by carbon-ion beams have been also carried out [Matsufuji et al, 2005;
Gunzert-Marx et al, 2008; Robert et al, 2013], which shows the angular distribution of
such secondary ions getting narrower when the nuclear charge of the secondary ions
increases (forward-peaked directions) [Haettner et al, 2013].

Figure 2.11 shows the angular distribution of the secondary ions produced by a 400-
MeV /n carbon-ion beam irradiating a water phantom. Protons can still be detected at
detection angles larger than 10°. Thus, when placing detectors at 30° with respect to the
beam direction, the detected secondary ions are mainly protons [Haettner et al, 2013;
Reinhart et al, 2017]. This detector-positioning angle has been employed in studies per-
formed in our research group [Gwosch et al, 2013; Gaa et al, 2017; Félix-Bautista et al,
2019]. In the current thesis not only the detection-positioning angle at 30° was used, but
also at 0° with respect to the beam direction. As expected, heavier secondary ions up to
boron are also detected at 0° [Arico et al, 2019].
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Figure 2.11. Angular distributions of secondary ions (Z =1 to 5) produced by carbon ions of 400MeV /n irradi-
ated in a water phantom of 31.2 cm thick. Reprinted and modified from Haettner et al, 2013.

Secondary ions have also been used for ion range verification [Dauvergne et al, 2009;
Amaldi et al, 2010]. The distribution of the secondary ions along the beam direction has
been studied and correlated with the position of the Beagg peak [Henriquet et al, 2012;
Piersanti et al, 2014; Rucinski et al, 2018]. Recently, a trial study started using a dual-
mode system for the ion beam monitoring in carbon-ion beam therapy within the IN-
SIDE collaboration in July 2019 [Bisogni, 2019; Traini et al, 2019; Fischetti et al, 2020]. In
this study, both PET- and secondary-ion-based techniques are used.
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Additionally, not only the ion range, but also the lateral pencil beam positions in a clinic-
like treatment delivery with carbon ions has been monitored [Gwosch et al, 2013; Félix-
Bautista et al, 2019]. In December 2019, the first beam monitoring based on the detection
of secondary ions using pixel semiconductor detectors has been clinically tested at the
Heidelberg Ion-Beam Therapy Center in Heidelberg, Germany. Lateral positions of the
ion beams and range verification were both assessed. The results of this clinical appli-
cation are shown in the current thesis.

2.4. Radiobiology of ion beams in radiation therapy
2.4.1. Linear energy transfer

As briefly described in section 2.1.2, ion beams exhibit highly localized energy deposi-
tion (i.e., deposited energy in tissue), which is one of the main physical advantage of
using ion beams in radiation therapy. The reason for the higher comformality of dose to
the tumor compared to photon radiotherapy is that the density of ionizations strongly
increases towards the end of the range of the ion, i.e., within the tumor volume after
successful treatment planning. The density of ionizations around the ion tracks, or in
other words, the scale of the localization of energy depositions can be described by a
physical concept called linear energy transfer (LET), which is related to the radiation
quality. LET is defined as the energy transferred (dE) by the incident ion to generated
electrons in a path length (dl) in the irradiated material, and it is given by the equation
2.15:

E
LET = —. (2.15)

However, a restriction to consider only generated electrons below a certain energy is
usually introduced, and LET is known as restricted LET (LETA). This restricted LET
gives information about the ionization on a microscopic level around the path of the ion,
in a cylindrical volume. In other words, delta electrons traveling further and leaving the
volume defined by, e.g., a 100 pm radius around the path of the ion are neglected
[Kramer and Kraft, 1994a and 1994b]. The unrestricted LET, i.e., LETA -, is the stopping
power (S) (see section 2.1.1).

2.4.2. Biological concepts of modeling the repair mechanisms of cells

As the aim of cancer therapy treatments is to eradicate the tumor cells avoiding compli-
cations in healthy tissue, LET plays an important role in the evaluation of the biological
damages caused by ions. Both the dose depositions and the radiation quality contribute
to the cell damage on a microscopic scale. The density of cell damage depends on the
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amount of energy transfer, i.e., on the LET. High-LET particles (such as ions) can pro-
duce densely damage in the DNA strands, as shown in Figure 2.12.
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Figure 2.12. Representation of DNA damage caused by low- and high-LET radiation. They create single and
double strand breaks. DNA repair mechanisms are less efficient in repairing clustered damage or double strand
breaks, leading to increased cell death, compared to single strand breaks or damages of DNA bases. Reprinted
from Lomax et al, 2013.

After irradiation, DNA single- (55B) and double-strand breaks (DSB), base damages and
DNA-protein cross-links are produced [Hagiwara et al, 2019]. Following DNA damage,
different DNA repair mechanisms are put in place in the irradiated cells [Wozny et al,
2020]. However, complex DSBs or clustered SSBs are more difficult to repair, leading to
increased cell death. The potential of cell repair is described by the equation 2.16, which
is known as the cell survival probability (S) or linear-quadratic model (see Figure 2.13):

S(D) = e~(aD+BD?), (2.16)

where D is the absorbed dose, and a and f are parameters that depend on the cell type.
The ratio of these parameters is of great interest. Cells have less capacity for damage
repair when the ratio a/f is small, and vice versa.
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Figure 2.13. Survival fractions according to two different irradiation types: photons (red curve) and carbon ions
(blue curve). Modified from Karger and Peschke, 2018.

2.4.3. Relative biological effectiveness

To evaluate the effectiveness of ions compared to photon irradiations, the concept of
relative biological effectiveness (RBE) is introduced. RBE is defined as the ratio of a pho-
ton (Dphoton) and an ion (Dion) doses (see Figure 2.13), which give the same biological effect
under identical conditions [Karger and Peschke, 2018], described by equation 2.17:

D
RBE = photon (217)

Di‘m isoeffect

This is valid for the same number of fractions of a treatment. Cell death and complica-
tions of healthy tissue can be described by the RBE. This RBE depends on different pa-
rameters such as ion type, beam quality, absorbed dose, cell cycle, tumor oxygenation,
and biological endpoint, among others [Karger and Peschke, 2018].

RBE also has a dependence on LET. As LET increases for ions towards the end of their
range. High-LET leads to an increase of the biological effectiveness. Therefore, the bio-
logical effectiveness increases towards the end of the ion range, e.g., inside the tumor.
Thus, RBE increases until an optimum LET (maximum) value. However, RBE starts de-
creasing after the maximum value for higher LET values. This means, that there is a
higher dose concentration that cannot cause additional cell damage. This effect is called
overkill effect. Figure 2.14 shows LET and RBE values for different ion types.
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Figure 2.14. LET-dependence RBE for different e/ values and different ions: protons (red points), helium (blue
points), carbon (gray points), neon (orange points), ions heavier than neon (green points). LET-dependence at
full survival level is shown in the upper row, whereas the 10% survival level is shown in the lower row. The
overkilling region (after the maximum) is shown. Reprinted from Friedrich et al, 2013.

RBE has been studied for carbon ions irradiations, showing great potential over protons
and photons to be used for having higher response when treating hypoxic and hetero-
geneous tumors [Glowa et al, 2016; Glowa et al, 2017; Mein et al 2019]. Moreover, the
prescribed dose for carbon-ion treatments is given in terms of RBE-weighted dose in-
stead of absorbed dose. For that, models of RBE-weighted dose have to be considered.
However, the modelling of RBE-weighted dose is not straightforward, due to depend-
ences on the aforementioned physical and biological parameters aforementioned. The
most used model at the carbon-ion facilities in Europe is the so-called local effect model
developed at the Gesellschaft fiir Schwerionenforschung in Darmstadt, Germany
[Scholz and Kraft, 1992, 1994, 1996]. Other RBE models are the mixed-beam model and
the microdosimetric-kinetic model, both used at carbon-ion facilities in Japan [Kanai et
al, 1997; Kanai et al, 1999; Kase et al, 2006; Inaniwa et al, 2010; Inaniwa et al, 2015]. A
very complete review on the RBE-weighted dose models and their differences can be
found in Karger and Peschke, 2018.
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2.5. Cyclotron- and synchrotron-based therapy facilities

In particle therapy, ions have to be accelerated in order to gain enough energy to pene-
trate the required depth in the patient. For that, either cyclotrons or synchrotrons are
needed and built in therapy facilities. Due to their relatively small size, cyclotrons can
only accelerate protons to sufficiently large energies for therapy. This type of accelerator
is used in most of the therapy facilities around the world. However, heavier ions (e.g.,
carbon ions) need synchrotrons to be accelerated to energies relevant for clinical appli-
cations, i.e., that correspond to ion ranges of several tens of centimeters. Synchrotron
accelerators are used in therapy facilities in Germany, Italy, Austria, Japan and China
[PTCOG Therapy Facilities].

Cyclotrons exhibit several advantages over synchrotrons related to their fixed radiofre-
quency and fixed magnetic field to accelerate particles, as well as a less complex oper-
ating principle with much less requirements on dynamic fine-tuning in the beam deliv-
ery system [Silari, 2011; Farr et al, 2018]. On the other hand, cyclotrons deliver a fixed
beam energy, the use of degraders is needed to irradiate the entire tumor region. How-
ever, these degraders cause neutron production, leading to extra dose deposited in the
patient [Fukumoto, 1995]. As activation is also present, proper degrader materials have
to be chosen. Furthermore, since the beam effectivity is approximately 10% due to the
energy degradation, the proton fluence is increased in order to reach the prescribed dose
[Fukumoto, 1995; Coutrakon, 2007].

In contrast to cyclotrons, synchrotrons do not need energy degraders to produce the
SOBP, because they provide variable ion beam energy depending on the upramping
process of radiofrequency and magnetic field for the ion acceleration [Silari, 2011; Farr
et al, 2018]. A disadvantage of synchrotrons over cyclotrons is their construction and
size (about 20 m diameter for synchrotrons and 4.5-5 m for cyclotrons), which impacts
on the cost of operation and maintenance [Peeters et al, 2010; Vanderstraeten et al, 2014],
especially with superconducting technology [Peach et al, 2011; Farr et al, 2018; Mo-
hamad et al, 2018].

Although the cost-effectivity of carbon-ion treatments (i.e., having a synchrotron) is cur-
rently discussed controversially, studies have shown high a cost-effectiveness of carbon-
ion treatments for locally recurrent rectal cancer and skull base chordomas [Mobaraki
et al, 2010; Sprave et al, 2018].

Additionally, the quality assurance (QA) of the lateral positions of ion beams at the iso-
center is more challenging for synchrotrons than for cyclotrons. This is due to uncer-
tainties in the beam delivery itself related to variations in the beam transport lines and
in the bending and steering magnets that could be translated in beam misdirection [Farr
etal, 2018; Rizzoglio et al, 2020]. If this were not corrected for in QA, it would deteriorate
the delivered dose homogeneity to the entire tumor.
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2. Physics and radiobiology of carbon-ion beams

As mentioned in section 2.2.2, carbon ions are heavier than protons, there is less scatter-
ing in the beam nozzle and in the patient. As a consequence, carbon-ion beams are nar-
rower than proton beams; hence, they are more prone to uncertainties in the lateral po-
sitions at the isocenter [Karger et al, 2010], the reference point of patient positioning for
treatment.

Moreover, due to the distance in between the beam monitor system inside the beam
nozzle and the isocenter, carbon ions have a longer path in air in synchrotron-based
facilities than in cyclotron-based facilities. This distance is between 18 cm and 50 cm in
proton-only facilities [Gillin et al, 2010; Langner et al, 2017; Yasui et al, 2018; Grevillot
et al, 2020]. In contrast, such a distance is about 1 m in synchrotron-based facilities like
HIT facility [Jelen et al, 2013; Iwata et al, 2016; Tessonier et al, 2019]. The ~60% difference
of the nozzle-to-isocenter distance between cyclotron- and synchrotron-based facilities
leads to a more complex extrapolation of the beam positions for synchrotrons. In this
case, the two position-measuring devices inside the nozzle (multi-wire proportional
chambers) cannot be used for the extrapolation. The extrapolation is performed from
the virtual source, assumed to be a point source, in the middle of the deflecting magnets
and the positions measured by the BAMS in the nozzle [Félix-Bautista et al, 2021]. The
determination of the virtual point source depends on the ion type, beam energy and
size, and this leads to an increased complexity in the method.

Although several studies have been published regarding the QA of lateral carbon-ion
beam positions with different devices (namely, parallel plate ionization chambers, flat-
panel detectors, scintillator detectors or radiochromic films) [Martisikova and Jakel,
2010; Martisikova et al, 2012; Varasteh Anver et al, 2016; Russo et al, 2017], these devices
are placed at the isocenter. Therefore, these devices are not suitable for future online-
monitoring approaches. Moreover, verifications of the new designed treatment plans
are carried out using water phantoms. Nevertheless, water phantoms do not represent
the patient geometry. Hence, verifications are done in an indirect manner.

From this, complementary QA strategies to monitor the lateral positions of carbon-ion
beams are of great desire, especially when such strategies can perform the monitoring
at the isocenter and deal with the patient geometry. In this thesis, the proposed moni-
toring methodology takes into account such characteristics.

2.6. Semiconductor detectors

As aforementioned, carbon-ion beams in radiation therapy undergo nuclear fragmenta-
tion processes. If the produced secondary ions have enough energy to leave the patient,
they can be detected. The type of detectors used in this thesis —-a semiconductor detec-
tor- to detect the produced secondary ions is described here. This type of detectors has
been commonly used in the nuclear and particle physics fields, and provide precise
measurements on the position, time and energy of the detected ions [Lutz, 2007]. Silicon

26



and germanium are the most common elements used in semiconductor detectors. In the
current thesis, silicon detectors were used (see section 3.3).

In the electronic configuration of a semiconductor detector, electrons are located at spe-
cific sites of the semiconductor lattice structure with a certain energy in the so-called
valence band. Electrons can gain sufficient energy to change their sites, leaving a hole
in that site and going to the so-called conduction band (see Figure 2.15). Between the
valence and conduction band, there is an energy gap called forbidden band. For silicon,
this forbidden gap is 1.1 eV [Bertolini and Coche, 1968].
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Figure 2.15. Conduction and valence bands in different materials. Modified from Leo, 1994.

Semiconductor materials can be intrinsic —creation of charge carriers by thermally or
optically electronic excitation- or extrinsic - creations of charge carriers by impurities at
sites in the semiconductor lattice structure-. In the latter, when there are extra electrons
due to the impurities, extrinsic semiconductors are called n-type (donor). In contrast,
when there are more holes than electrons due to the impurities, extrinsic semiconduc-
tors are called p-type (acceptor) [Lutz and Klanner, 2020]. Figure 2.16 exemplifies both
p- and n-type extrinsic semiconductors.
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Figure 2.16. Examples of extrinsic a) n- and b) p-type semiconductors. Reprinted from Lutz, 2007.

When a p-type semiconductor is joint to a layer of the opposite semiconductor, e.g., n-
type, electrons and holes sweep to the junction zone creating a surplus of negative
charge on one side of the junction (p-type side) and positive charge on the other side (n-
type side), as seen in Figure 2.17.
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2. Physics and radiobiology of carbon-ion beams

p.type e n-type

Figure 2.17. Surplus of negative and positive charge in the junction of n-type and p-type semiconductors. Taken
and modified from https:/ /electricalacademia.com/ electronics/pn-junction-formation-structure/.

Thus, a thermal equilibrium is reached. The thermal equilibrium is given as the proba-
bility (f) of energy states (E) at a temperature (T), as expressed by equation 2.20:

1
fE) = T
1+ exp <E kTEf> (2.20)

Moreover, the diffusion of electrons and holes in the p-n junction region is counteracted
by the presence of an electric field. This electric field creates a space-charge region by
sweeping away both electrons and holes in the boundary region of the junction. Such a
space-charged region, having two zones of non-zero electric charge, one of filled accep-
tor sites and other of filled empty donor sites, is so-called depletion region [Leroy and
Rancoita, 2011]. When ions interact with the sensitive area of detection, they create elec-
tron-hole pairs. In the case of silicon, an energy of 3.6 eV is needed to create a single
electron-hole pair [Bertolini and Coche, 1968].

The p-n junction is considered as a diode, to which “forward” of “reverse” bias voltage
is applied. In the presence of a reverse bias voltage (which is the case of the used detec-
tors in this thesis), the p-type side of the p-n junction becomes negative relative to the
n-type side. Moreover, as this bias voltage increases, so does the depletion region. In
this manner, the semiconductor is fully depleted [Knoll, 2010].

The applied bias voltage (Vi) required to deplete a specific thickness (T) is given by
equation 2.21:

(2.21)

where e is the electron charge, N is the dopant concentration and € is the dielectric con-
stant of the semiconductor. The sub-index d refers to the depletion voltage.
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If the voltage increases beyond the depletion voltage, it is says, that the semiconductor
is over-depleted. In the particular case of the silicon semiconductor detectors used in
this current thesis, they were not operated fully depleted, but partially depleted, based
on previous studies concerning energy depositions in Timepix detectors [Gehrke et al,
2017]. The depletion area was about 200 um in these detectors when applying a bias
voltage of 10 V. The same voltage was used in this thesis for the Timepix3 detectors (see
section 3.3). However, further investigations concerning the bias voltage in Timepix3
detectors have to be carried out to optimally operate them either partially or fully de-
pleted.

Secondary ions produced with therapeutic carbon-ion beam energies cross the semicon-
ductor detector, creating a uniform density of electron-hole pairs along their path, trav-
eling with constant velocity [Knoll, 2010]. In order to track such secondary ions, pixel
semiconductor detectors are more often used due to their 2D segmentation compared
to strip semiconductor detectors. However, they need a large number of readout chan-
nels [Seidel, 2019]. In the case of hybrid pixel semiconductors detectors, the electronics
is miniaturized, allowing each pixel to have its own readout channel via bump bounds.
Timepix3 detectors belongs to this family of detectors. For more details, see section 3.3.
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Chapter 3
Materials and Methods

Since this work is based on the detection and tracking of secondary ions produced in
deliveries of treatment plans, here is explained the way such delivery is carried out. Ion
beam therapy centers around the world are based on cyclotrons or synchrotrons to de-
liver the ions for treatments. Currently above 100 proton- and carbon-ion-based facilities
are in operation and more than 35 facilities are under construction [PTCOG Therapy
Facilities]. There are three types of facilities: 92 proton-only, 6 carbon-only and 6 facili-
ties that offer treatments with both protons and carbon ions. Specifically for carbon ions,
12 facilities are in operation for clinical purposes, of which 8 in Asia (Japan and China)
and 4 are in Europe (Germany, Austria and Italy). The Heidelberg Ion-Beam Therapy
Center (HIT) performs treatments with both proton and carbon ions.

3.1. Heidelberg Ion-Beam Therapy Center

In order to accelerate ions to reach therapeutic energies, both ion accelerator types,
namely cyclotrons and synchrotrons can be used for proton-based treatments. However,
when treating patients with carbon ions, synchrotrons are needed. In Heidelberg, Ger-
many, patients are treated with protons and carbon ions at the Heidelberg Ion-Beam
Therapy Center (HIT). Being a hospital-based ion-beam therapy center, HIT starts clin-
ical operation ate the end of 2009 [Combs et al, 2010]. HIT facility has a synchrotron of
20 m diameter. A LINAC with a length of 6 m pre-accelerates protons, helium, carbon
and oxygen ion with an injection energy of 7 MeV/n [Haberer et al, 2004].

HIT facility has four rooms: two rooms have horizontal beam lines, one room is
equipped with the first-worldwide carbon-ion rotating gantry (360°) of 600 tons weight,
25 m length and 13 m diameter. Additionally, the fourth room has a horizontal beam
line used for quality assurance and research. The experiments performed in this thesis
were carried out in this experimental room, since it has a beam quality as the therapeutic
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3. Materials and Methods

horizontal beam lines. Protons and carbon ions are routinely used for treatments. He-
lium and oxygen ions are only used for research purposes so far. There have been stud-
ies concerning the use of helium ions for treatments [Tessonnier et al, 2017; Mein et al,
2019]. In this thesis, treatment plans for carbon ions were used.

Carbon ions can be accelerated at HIT up to an energy of 430 MeV /n, corresponding to
a velocity of about 0.7c, and a range of 30 cm in water, at HIT. For such an energy, the
beam size ranges from 3.4 mm to 15 mm FWHM at the isocenter. The carbon-ion inten-
sities can attain 108 ions per second, but at therapeutic beam energies, the intensities go
usually up to 8x107 carbon ions per second.

3.1.1. The active raster scanning technique

The ion-beam delivery technique used at HIT was developed at the Gesellschaft fiir
Schwerlonenforschung (GSI) in Darmstadt, Germany, and it is called active raster scan-
ning [Haberer et al, 1993]. The active raster scanning technique involves the continuous
movements of the ion beam, being deflected by scanning magnets (see Figure 3.1).
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Figure 3.1. Schematic representation of a treatment delivery with ion beams at HIT. The tumor volume is virtu-
ally divided into different “slices”, equally separated in depth. Scanning magnets deflect the ion beam for a
lateral tumor irradiation producing a zig-zag pattern while irradiating a beam energy slice. Adapted from
Magallanes-Hernandez, Doctoral Dissertation, 2017.

The movement of ion beam follows a zig-zag pattern in the vertical or horizontal direc-
tion when irradiating each beam energy layer. However, the beam axis is optimize when
treatment tumor volumes with irregular edges [Haberer et al, 1993], as seen in Figure
3.2 (edges in the two blue and green layers). It is observed, that the direction of the ion
beam scanning changes vertically and horizontally in the beam energy layers. In the
case of the treatment plans used in this thesis (see section 3.3), the spots are equally
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separated in both vertical and horizontal directions, i.e., 2 mm. The beam energy layers
are separated by 3 mm to each other in depth.
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Figure 3.2. Examples of beam energy layers represented in different colors for the spot-by-spot irradiation of a
tumor ion depth. These beam energies are taken from the first treatment plan used, as described in section 3.2.
Lines connecting the spots represent the direction of the ion beam scanning. This means, that the scanning
movement can change vertically and horizontally.

As the beam is not turned on and off during the spot-by-spot irradiation, it is controlled
by an intensity-modulated technique allowing a 3D-dose spot delivery (see section
3.1.2). When treating a tumor, it is segmented into virtual slices, called beam energy
layers, along the longitudinal direction. Such beam energy layers are equally separated
according to the ion beam range along the tumor depth. The ion beam is delivered spot-
by-spot covering the beam energy layer. By changing the ion beam energy, the irradia-
tion is carried out layer by layer in order to cover the entire tumor region. The beam
movement becomes slow when irradiating at low intensities and higher rates. For irra-
diations at high intensities and lower rates, the beam moves faster. It has to be pointed
out, that the ion beam is continuously on during the irradiation of a beam energy layer.
Only when the beam energy is changed, the ion beam is turn off.

3.1.2. Monitoring system at beam nozzle and beam record files

The ion beam is monitoring inside the beam nozzle by means of a Beam Application
and Monitoring System (BAMS), consisting of three ionization chamber arrays (ICs) and
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3. Materials and Methods

two multi-wire proportional chamber arrays (MWPCs) in order to reach the prescribed
number of ions per pencil beam and the pencil beam position according to the treatment
plan (see Figure 3.1). From the ICs, the ion beam intensity is obtained. The number of
ions per spot and the transversal ion beam position are provided by the MWPCs. All
this information is registered in the so-called beam record files [Parodi et al, 2012], i.e.,
two files called physical beam record and machine beam record. In this work for refer-
ence data, information concerning the irradiation time and the ion beam intensity of
each spot was extracted from the machine beam records. The number of ions per spot
and the transversal positions of ion beam spots, taken as reference beam positions, were
extracted from the physical beam records.

A third multi-wire proportional chamber (MWPC3) array can be connected to the BAMS
and placed at the isocenter in order to monitor the ion beam parameters at that reference
point. From this MWPC3, another two beam record files are produced. Measurements
at the isocenter are particularly important due to the fact that the tumor volume is cen-
tered with respect to the isocenter when positioning the patient by means of a laser
alignment system in the treatment room. Moreover, since QA measurements in a water
phantom are performed before the first treatment delivery of each patient, the MWPC3
is used when such QA measurements present outliers. Therefore, the monitoring
method proposed here can be used as a complementing technique to perform an online
QA during the treatment plan delivery. In this thesis, both MWPC2 and MWPC3 were
used to obtain the reference beam positions, depending on the performed experiments.
For more details, see section 3.4.

This feature of the method, together with the study on the expected stopping positions
in the longitudinal direction, make the method stronger and unique to monitor the ion
beam in the three space dimensions.

3.2. Treatment plans for the experimental configurations

In order to quantitatively evaluate the performance of the monitoring methodology pro-
posed in this thesis, two carbon-ion treatment plans were used. The treatment plans
were designed? using the Siemens Syngo RT planning software (Siemens Healthcare
GmbH, Erlangen, Germany).

The first treatment plan (TP1) was designed to irradiate a 100-cm? tumor volume in the
center of an anthropomorphic head phantom (see Figure 3.3 (a)). To treat this volume,
one beam field is used with twenty-two carbon-ion beam energies ranging from 163.09
MeV /n to 239.45 MeV /n. Here, more than 10200 spot positions were irradiated and the
total number of delivered carbon ions is 7.04x108. The spacing of the spot positions in

2 The treatment plans used in this thesis were provided by Dr. Malte Ellerbrock and Dr. Marcus Win-
ter at the HIT facility.
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both X and Y coordinates is 2 mm. The use of an anthropomorphic head phantom ena-
bles us to have realistic heterogeneities as the real embedded bony structure. Despite
the other materials embedded in the head phantom are not strictly tissue-equivalent
materials, this allows us to mimic the treatment delivery in a closer clinical manner.

Figure 3.3. (a) Coronal plane of the treatment plan designed for the anthropomorphic head phantom. (b) Axial
plane of the treatment plan designed for a real patient. (c) Coronal plane of the treatment plan used in the
clinical measurement at HIT. The dose distributions is depicted for all treatment plans. For the RBE-weighted
dose, the LEM1 model was used.

The second treatment plan (TP2) was designed for a real patient to treat a brain tumor
of 38.6 cm3 with two beams: at 0° and 180° (see Figure 3.3 (b)). For the experiments, only
the beam positioned at 0° was used. For this beam, fifteen carbon-ion beam energies
from 164.63 MeV /n to 222.31 MeV /n were used. More than 3900 spot positions, with 2-
mm spacing in X and Y coordinates, were irradiated with a total number of delivered
carbon ions of 1.52x108.

Since the long term goal of the current project is the implementation of the proposed
monitoring methodology in clinics, measurements during a treatment of a real patient
was performed in December 2019. This was the first time that a clinical beam monitoring
based on secondary ion detection was performed at HIT. The delivered treatment plan
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3. Materials and Methods

consists of two beam fields at 5° and 330° to treat a head-and-neck tumor of 73.85 cm?
(see Figure 3.3 (c)). Only the beam at 5° was only investigated. This beam field consists
of twenty-three carbon-ion beam energies, ranging from 95.67 MeV /n to 204.27 MeV /n
and more than 5700 spot positions to be irradiated.

3.3. Secondary ion tracking system

The system used to detect and track the secondary ions leaving the head phantom was
based on two AdvaPIX TPX3 modules operated in synchronization (see Figure 3.4).
They were operated using the Pixet software? by connecting both modules to a standard
notebook via USD 3.0 ports. The modules exhibit high efficiency to detect charged par-
ticles close to 100% [Soukup et al. 2011].
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Figure 3.4. Tracking system used in the experiments of this thesis, based on Timepix3 detectors. The distance
between both sensitive detection layers is 2.55 cm. Modified from Félix-Bautista et al, 2019.

Each module uses a hybrid pixel semiconductor detector based on the Timepix3 tech-
nology, developed at CERN within the Medipix3 Collaboration [Poikela et al. 2014]. In
this thesis, the thickness of both sensitive silicon detection areas was 300 um with an
area of detection of 1.98 cm?, divided into 256x256 pixels with a pitch of 55 um. Each
pixel is individually connected to its own electronic circuit: a preamplifier, a discrimi-
nation and a counter in the read-out chip (see Figure 3.5).

3 Pixet, version 1.5.0.
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Figure 3.5. Representation of the hybrid pixel semiconductor Timepix3 detector, showing the silicon sensitive
layer and the readout chip. Modified from Granja et al, 2021.

Timepix3 detectors also have a combination of a slow digital counter (40 MHz) and a
fast digital counter (640 MHz) to provide a fine time stamping (1.56 ns time resolution).
The time of arrival related to the slow digital counter and the fast time of arrival (FToA)
related to the fast counter enables us to calculate the time-related pixel signal (t), by the
equation 3.1:

t =ToA-25ns — FToA - 1.56ns, (3.1)

where 25 ns is the time resolution given by the slow digital counter. The energy deposi-
tion (Aror), is calculated from the ToT values using the equation 3.2:

Aror= ToT - 25ns. (3.1)

When a secondary ion crosses the sensitive silicon detection areas, hole-electron pairs
are created and collected by the electric voltage applied (see Figure 3.6 (a)). The gener-
ated charge might be collected by multiple pixels adjacent to the hit point of the second-
ary ion.

Diffusion process taking place during the charge collection, which depends on the bias
voltage, is well-known as charge sharing effect [Jakubek, 2009], as shown in Figure 3.6
(b). The group of pixels that collects charge is so-called cluster. The cluster size is defined
as the number of pixels that form a cluster. The cluster volume is the sum of all energy-
calibrated signals measured by cluster pixels (see Figure 3.7). These two cluster charac-
teristics depend on parameters such as the applied bias voltage, the energy threshold,
the type of radiation, the deposited energy and the thickness of the sensitive detection
area, among others.
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Figure 3.6. (a) Ion interaction with the sensitive silicon detection layer creating hole-electron pairs to be collected
by the applied voltage. Reprinted from Reimold, Master thesis, 2017. (b) Example of the charge sharing effect
with the pixels collecting the generated charge. Reprinted from Jakubek, 2009.
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cates the hit position of the secondary ion.
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Compared to Timepix detector [Llopart et al, 2007], Timepix3 detectors enables us to
simultaneously acquire information regarding time of arrival (ToA) and energy deposi-
tion (ToT) in each pixel. Moreover, they have no dead-time, what makes them suitable
for tracking secondary ion for monitoring purposes due to the dead-time free given by
the data-driven readout, as previously investigated [Reimold, 2018; Félix-Bautista et al,
2019]. In these previous investigations, the capabilities of detecting secondary ions pro-
duced in carbon-ion irradiations at therapeutic beam energies, clinical doses and dose
rate have shown.

In this thesis, the AdvaPIX TPX3 modules were operated at a bias voltage of 10 V, which
improves the accuracy of the measured deposited energy of secondary ions [Gehrke et
al, 2017] in contrast to higher voltages. Moreover, the energy threshold value plays an
important role in the signal generation, because the signal readout takes place only
when it is above such a threshold. This helps to reduce possible electronic noise. In this
thesis, the energy threshold was set to 3 keV for the monitoring at 30° relative to the
beam axis and the measurements of a clinical application of the method (see sections
3.4.1ad 3.4.3).

Due to the high secondary-ion fluence rate faced in the measurements where the track-
ing system was placed at 0° relative to the beam axis, improvements in the hardware
and the operational parameters of the detectors were performed.

Concerning the hardware of the AdvaPIX TPX3 modules used in this thesis, the chip
board for the synchronization was improved by ADVACAM s.r.o.. By using this new
board, the trigger signals were optimized changing from CMOS logic to LVDS and by
optimizing the terminations of the signals. Moreover, a device-ready signal was added.

Concerning the operation parameters, the energy threshold was set to 12 keV for the
monitoring at 0° relative to the beam axis (see section 3.4.2), in order to overcome signal
saturation by reducing the cluster sizes. The corresponding energy calibration for this
energy threshold was performed. This energy calibration is needed for the time-over-
threshold information related to the deposited energy of the ions. The energy deposition
information was used to find the center of mass of each cluster to reconstruct the ion
tracks, as explained in section 3.5.1. It has to be recalled, that each pixel is individually
pixel-wise calibrated in terms of deposited energy. The energy calibration is specific for
each energy threshold and each detector.

The energy calibration is performed by using y-emitter sources, as *Fe (5.9 keV) and
21Am (59.5 keV), and different x-ray fluorescent materials with energy from 6 keV to 24
keV [Jakubek, 2011]. The calibration function (f) is parametrized as indicated by equa-
tion 3.3:

F(E)=aE +b— % (3.3)
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where E is the deposited energy, a, b, ¢, t are parameters determined by per-pixel least-
squares fit. The resulting calibration curve presents the behavior as shown in Figure 3.8:
at low energies is the curve nonlinear, and at high energies linear.
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Figure 3.8. Curve of the per-pixel energy calibration process. Reprinted from Jakubek, 2011.

3.4. Experimental configurations for the pencil beam monitoring

The experiments were performed in the experimental room at the HIT facility under
clinic-like conditions. These experiments are divided into two main cases in order to
investigate the performance of the proposed monitoring methods under different situ-
ations. First, the treatment plan for the head phantom was delivered, with the tracking
system positioned at 30° relative to the beam axis. Second, the tracking system was po-
sitioned at 0° relative to the beam axis in order to compare the results with those from
the monitoring with the tracking system at 30° from the beam axis. Moreover, the per-
formance of the presented methodology was exploited using a treatment plan of a real
patient. Third, measurements were performed during the first clinical application of the
presented method.

3.4.1. Tracking system positioned at 30°

For the measurements in this case, the head phantom was aligned with respect to the
isocenter, since the center of the tumor volume coincided with the center of the head
phantom. The tracking system was positioned at 30° with respect to the beam axis, at 12
cm away from the isocenter, as shown in Figure 3.9 (a). This angle was chosen as a the
compromise between the yield of detected secondary ions and the precision of the track
back-projection performed to find its most probable origin in the lateral coordinates.
This angle was also used in previous investigations in our research group for range
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monitoring purposes [Gwosch et al, 2013; Gaa et al, 2017]. Moreover, information on the
pencil beam positions in plane transverse to the beam axis and the range-related infor-
mation in depth could in principle be obtained simultaneously. However, this thesis is
focused only on the lateral positions of the pencil beams.

First case
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Figure 3.9. (a) Experimental setup built to irradiate the TP1 in the monitoring at 30° relative to the beam axis.
The tracking system is at 12 cm from the isocenter. (b) Experimental configuration to irradiate the TP2 in the
monitoring at the beam axis (0°). A first irradiation was performed with the MWPC3 at the isocenter. The track-
ing system is located at 28 cm downstream of the isocenter.

Six irradiation of the TP1 were performed to evaluate the proposed methodology to
monitor the lateral pencil beam positions. In this case, the reference lateral beam posi-
tions were obtained from the MWPC2 located in the beam nozzle.

3.4.2. Tracking system positioned at the beam axis (0°)

The experimental setup used in this investigation with the tracking system positioned
at 0° relative to the beam axis is shown in Figure 3.9 (b). Here, twofold investigation was
carried out: comparison of the results for tracking system positions at 30° and 0° and
performance of the method for a real clinical treatment plan.
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3. Materials and Methods

Comparison of the results for tracking system positions at 30° and 0°

The first part consists of a comparison with the results from the measurements (see sec-
tion 3.4.1) when positioning the tracking system at 0° with respect the beam axis and at
35 cm downstream of the isocenter. The same data analysis performed in the monitoring
with the tracking system positioned at 30° was performed here, i.e., references lateral
beam positions were taken from the MWPC2.

Performance of the method for a real clinical treatment plan

In this part, the TP2 is delivered with the head phantom located at the isocenter and the
tracking system was located at 28 cm downstream of the isocenter, and at 0° relative to
the beam axis (see Figure 3.9 (b)).

Afterwards, the head phantom was replaced by the MWPC3 and the TP2 was delivered
once more. This was done in order to obtain the reference lateral beam positions at the
isocenter form the MWPC3. The importance of these lateral beam positions is given in
chapters 1 and 2.

3.4.3. Measurements of real-patient treatment delivery

The measurements performed in the first clinical secondary-ion-based beam monitoring
at HIT were performed with the tracking system positioned at 30° from the beam axis.
Figure 3.10 (a) shows the device for holding the tracking system and cables during the
clinical measurement.

The Siemens medical cart consisting of a drawer and lock system in its four wheels. A
robust aluminum arm was incorporated to the cart in order to hold the tracking system?,
composed of two AdvaPIX TPX3 modules (see section 3.3) and to reach the desired po-
sition with respect to the isocenter (see Figure 3.10 (b)). The tracking system is protected
by a 3D-printed box located at the distal edge of the aluminum arm. This box is already
rotated by an angle of 30° with respect to the beam axis. The distance between the track-
ing system and the isocenter was 16 cm (see Figure 3.10 (c)). The center of the frontal
sensitive detection area was positioned at the height of the isocenter. This 16-cm dis-
tance was chosen as a compromise to avoid any interference with the patient and to
maximize the yield of detected secondary ions.

An alignment system of the medical cart is mounted in the aluminum arm. It consists of
three ruler to indicate the desired position of the tracking system with respect to the

* This arm was built and integrated to the medical cart by the Medical Engineering group in the
Department of Medical Physics in Radiation Oncology at the German Cancer Research Center
(DKFZ).
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laser system inside the treatment room, which is also used for patient positioning (Fig-
ure 3.10 (c)).

The detectors of the tracking system were operated at 10 V bias voltage and the energy
threshold in the pixels was set to 3 keV.

(a)

Drawer for m
PC and power §
connection ‘

Figure 3.10. (a) Medical cart used to position the tracking system at 30° with respect to the beam axis. The de-
tectors were connected to a mini PC located inside the drawer of the medical cart in order to be remotely oper-
ated. (b) Ruler indicators for the alignment of the medical cart with respect to the laser system of the treatment
room. (c) Position of the tracking system with respect to the head of the patient.

The detectors of the tracking system are connected to the mini PC inside the drawer
with USB3.0 cables, which are inside the aluminum arm, together with the correspond-
ing cables of the power supply. These cables are connected to an electric connection
mounted inside the drawer. In order to prevent any interference due to the electricity,
each part in the medical cart has been grounded. The remote connection to operate the
tracking system is performed by an Ethernet connection. Moreover, the Ethernet con-
nection to the mini PC is done by a network medical isolator device (see Figure 3.11).

43



3. Materials and Methods

Beam nozzle

Electricity
cable

\_=m

Drawer for

Medical

chart .
O‘ Detector

bo.x
J g

Ethernet
cable

Ethernet
connection port

Figure 3.11. Sketch of the medical cart setup in the treatment room at the HIT facility. The mini PC is remotely
operated via the Ethernet connection. Courtesy of Laura Ghesquiére-Diérickx.

3.5. Data processing and analysis

Two ASCII files were obtained from the data acquisition during the measurements.
These files contain pixel information such as the coordinate of the hit pixel, the time of
arrival and the energy deposition of the impinging ion. The pixel information was fur-
ther processed and analyzed by in-house written C++ and MATLAB® routines, as ex-

plained in the following.

3.5.1. Clusterization and coincidence processes

As the raw data is given in terms of pixel information, all pixels belonging to the hit by
a single ion have to be found first. For this, a so-called clusterization process (i.e., cluster
creation) was performed. Here, an iterative process is performed based on time differ-
ence between the spatially neighboring pixels. If the time difference between pixels is
below 150 ns, they are considered to be part of the same cluster. Time for the collection

5 MATLAB, version 9.3.0 (R2017b). The MathWorks, Inc., Natick, Massachusetts, USA.

44



charge is also considered in this time difference [Reimold, 2019]. Afterwards, the earliest
pixel hit in the cluster is taken as the time of arrival (ToA) of the secondary ion. This
information is the basis for finding the coincidences. Figure 3.12 illustrates the signal
distribution of the pixels of a cluster according to the time of arrival.
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Figure 3.12. Distribution of the ToA signal in the pixels of a cluster.
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Figure 3.13. Cluster coincidence finding and reconstruction of ion tracks (dashed color lines) based on the arrival
time of the clusters. The color bar indicates the arrival time. Examples of the back-projection of the ion tracks
onto the transverse plane located at the isocenter of different depth are indicated by the solid color lines. The
tumor volume is represented by the green circle. Modified from Félix-Bautista et al., 2021.

45



3. Materials and Methods

In order to reconstruct the secondary ion track, a cluster coincidence finding process is
performed based on the ToA of the clusters in both sensitive detection areas. The ToA
of the cluster pair in the two in both sensitive areas has to be close enough in time in
order the same to be considered as the result of the interaction of the same secondary
ion. The coincidence time window was set to £50 ns. The fine time stamp of the detec-
tors, the synchronization between the detectors and the charge collection are considered
in this coincidence time window value. An example of the reconstruction of ion tracks
is illustrated in Figure 3.13.

In order to cope with ambiguities in the coincidence finding, comparison of similarities
between the cluster parameters is considered in both sensitive detection areas. In par-
ticular, when the tracking system is positioned 0° relative to the beam axis, the second-
ary-ion fluence rate is high (up to about 1.5%10° ions/s/cm?), because direction of the
most of the produced secondary ions is forward directed. Therefore, resolving ambigu-
ities plays there a particularly important role. The used resolving algorithm is based on
ten different parameters related to the clusters: deposited energy, maximum energy
(cluster height), weighted center, axis and polar angle, linearity, border and inner pixels,
thickness and thinness, curliness, roundness and length [Marek, 2020]. From this, infor-
mation dissimilarities between clusters are calculated and then the coincident clusters
with the lowest dissimilarities are matched. A boundary of 20 has been introduced as a
constraint on the maximum dissimilarity.

Having found the matching clusters, secondary ion tracks are reconstructed using a
straight line between the centers of mass calculated in the clusters. This straight line is
then back-projected to the phantom volume in order to find an approximation of their
origins in the lateral coordinates with respect to the beam direction. A single plane trans-
verse to the beam axis is used for the entire treatment plan. The depth of the transverse
plane differs for the tracking system position at 30° and 0° with respect to the beam axis.

3.5.2. Analysis of ion tracks

In order to find the measured lateral pencil beam positions, all the tracks measured dur-
ing the delivery of that particular pencil beam were fond, based on the time information
of the measured data and the beam record files. The reconstructed ion tracks were back-
projected onto a plane transverse to the beam axis. The depth location of the transverse
plane was different according to the measurement case under investigation. For the
tracking system at 30° relative to the beam axis, the back-projection plane was located
at 0 mm (isocenter). For the tracking system at 0° relative to the beam axis, the back-
projection plane was located at five additional depths upstream of the isocenter: 30 mm,
40 mm, 50 mm, 60 mm and 70 mm. Figure 3.13 shows an example of a back-projected
ion track onto the transverse plane at the isocenter.

The back-projected ion tracks were separated in time that corresponds to the duration
of the irradiation for each pencil beam. This time was extracted from the beam record
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tiles. Figure 3.14 shows two examples of the back-projected ion tracks for two different
pencil beam positions belonging to two beam energies of the TP2.

One pencil beam
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Figure 3.14. Two examples of the back-projected ion tracks (black points) belonging to two different pencil beam
positions. Median values are represented by the blue points, which are referring to the measured pencil beam
positions. Red points indicate the reference beam positions measured by the monitoring chambers in the nozzle.
The planning tumor volume of the TP2 (sagittal plane) is indicated by the solid blue line. The isocenter is indi-
cated by the green cross. Reprinted from Félix-Bautista et al., 2021.

The measured pencil beam positions were derived from the back-proejcted ion tracks
by the median value of the distribution in both vertical and horizontal coordinates. The
calculation of the median value reduces the influence of outliers. These outliers can be
caused by the scaterring process that secondary ions undergo inside the phantom.

3.5.3. Effectivity, precision and accuracy of the method

The quantitative evaluation of the performance of the proposed monitoring methodol-
ogy is based on three values: effectivity, precision and accuracy. These values are the
results of the comparison between the measured and reference beam positions. The
evaluation was performed in both vertical and horizontal coordinates separately. Figure
3.15 illustrates the comparison between the measured and the reference beam positions.
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Figure 3.15. Illustration of the comparison between the measured (blue points) and the reference pencil beam
positions (red points). Reprinted from Félix-Bautista et al, 2019.

The effectivity is defined as the number of analyzed pencil beam positions over the total
number of beam positions within the entire treatment plan. The precision is the standard
deviation of signed differences between measured and reference beam positions. Fi-
nally, the accuracy is defined as the mean value of the absolute differences between the
measured and reference beam positions. The uncertainty of the accuracy (o,..) was cal-
culated by the equation 3.4:

(3.4)

O_acc

where X is the mean of the absolute distances in each beam energy, x; stands for the ith-
absolute difference and n is the total number of pencil beam positions that were com-

pared in each beam energy. Examples of the difference distributions are shown in Figure
3.16.

48



(a) Vertical coordinate

120
100
80
60
40
20

Frequency of pencil beam
spot differences

Energy Layer 2

| el |

0
54321012345

120
100
80
60
40
20

Energy Layer 4

0
5-4-3-2-1012345

(b) Horizontal coordinate

120
100
80
60
40
20

Frequency of pencil beam
spot differences

Energy Layer 3

0
54321012345

Signed differences (mm)

u)

Frequency (a.

120

N & O @ O
o o o o o

Energy Layer 5

0
54321012345

Signed differences (mm)

u)

Frequency (a.

120
100
80
60
40
20

Energy Layer 10

0
5-4-3-2-1012345

120

-
N A O @ O
o o o o o

Energy Layer 11

0
54321012345

Signed differences (mm)

u)

Frequency (a.

120
100
80
60
40
20

Energy Layer 13

Al

0
54321012345

JEE—Y
N B O O N
[=T=T = N = = =}

Energy Layer 14

0
54321012345
Signed differences (mm)

Figure 3.16. Examples of difference distributions for the comparison between measured and reference pencil
beam positions for each beam energy layer separately of the TP2. Precision and accuracy were calculated from

such difference distributions.
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Chapter 4
Results and Discussion

In this thesis, a methodology to monitor the lateral positions of carbon-ion beams was
developed and evaluated under clinical conditions. Quantitative evaluations of the per-
formance of the methodology were based on precision, accuracy and effectivity (see sec-
tion 3.5.3). Firstly, the experimental verification of the proposed methodology in a clinic-
like carbon-ion treatment delivery with the tracking system positioned at 30° from the
beam axis (see section 4.1). Secondly, this methodology was applied for measurements
with the tracking system at both 0° and 30° relative to the beam axis (see section 4.2).
Thirdly, for measurements concerning the first clinical application of the method (see
section 4.3).

The results of the experimental measurements are presented in this chapter in the fol-
lowing order:

i) Experiments in a head phantom with the tracking system positioned at 30°
relative to the beam axis (12 cm from the isocenter, treatment plan TP1, ref-
erence lateral beam positions from the MWPC2) (see section 4.1).

if) Experiments in the head phantom with the tracking system positioned at 0°
relative to the beam axis (see section 4.2). These measurements are divided in
two parts:

a. Comparison with the experiments performed at 30° (treatment plan TP1,
tracking system at 35 cm downstream of the isocenter, reference lateral
beam positions from the MWPC2).

b. Measurements to assess the capabilities of the monitoring methodology
using a real patient treatment plan (treatment plan TP2, tracking system
at 28 cm downstream the isocenter, reference 16 cm from isocenter, refer-
ence lateral beam positions from the MWPC3).

iii) First clinical application of the proposed monitoring methodology. Measure-
ments were performed during a patient treatment with the tracking system
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positioned at 30° relative to the beam axis (treatment plan TP3, tracking sys-
tem at 16 cm from). (see section 4.3).

Measurements in points i) and ii) were conducted at the experimental room under clinic-
like conditions. The measurement in point iii) was performed in one of the treatment
rooms during a real treatment delivery.

4.1. Pencil beam monitoring with the tracking system positioned at
30°: experimental evaluation of the performance

The monitoring methodology was assessed in terms of precision, reproducibility and
accuracy reached in these measurements. The used carbon-ion TP1 was specifically de-
signed for an anthropomorphic head phantom (see section 3.2.).

The secondary ion tracks were measured during six irradiations of the TP1. A first de-
livery was carried out in order to evaluate the method in terms of precision. To deter-
mine the measured lateral beam positions, al the ion tracks were back-projected onto
the plane transverse to the beam axis located at the isocenter. Subsequently, the back-
projected ion tracks were separate into groups belonging to single pencil beams as de-
tailed in section 3.5.2. A constraint in the number of ion tracks per pencil beam was
introduced, considering more than eight ion tracks per pencil beam. Only 2% of pencil
beams with less than eight ion tracks were neglected. This procedure was performed in
order to reduce the impact of uncertainties coming from the low statistics for some pen-
cil beam, in particular for the low beam energies.

4.1.1. Comparison between measured and reference lateral beam positions

For each pencil beam, the median position of all tracks where they intersect the back-
projection plane was then calculated (see Figure 3.14 for visual explanation) in both ver-
tical and horizontal coordinates to obtain the coordinates of the measured lateral pencil
beam positions. Afterwards, the measured lateral beam positions were compared with
the reference lateral beam positions, as shown in Figure 4.1.

The delivery of the treatment plan took almost 110 seconds. Twenty two groups can be
seen in Figure 4.1, that corresponds to the twenty two carbon-ion beam energies used
along the treatment to cover the tumor volume in this treatment plan. Since the produc-
tion of secondary ions takes place only during the time when the ion beam is on, natu-
rally there are no measured points during spill pauses. This explains the gaps in be-
tween the groups. The beam-off time was about 1.5 min for this case. It has to be pointed
out, that the ion beam is inactive during 4 s approximately, time needed for the acceler-
ator to change the ion beam energy.
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Figure 4.1. Comparison of reference (orange triangles) and measured (blue points) lateral pencil beam positions
in (a) vertical and (b) horizontal coordinates. Shaded grey area in (a) indicates the evaluated +3-mm central
region. Zoom images correspond to the beam energy of 221.05 MeV/n, showing fast and slow beam scanning
movements, as mentioned in section 3.1.1.

The pattern corresponding to the beam scanning movement can be clearly seen. The
measured lateral beam positions also present the same movement behavior. The beam
scanning movement is “slow” when irradiating at low intensities and higher rates (see
vertical coordinate in upper zoomed plot in Figure 4.1). In contrast, the movement is
“fast” when irradiating at high intensities and lower rates (see horizontal coordinate in
lower zoomed plot in Figure 4.1). From this, the monitoring methodology is capable of
follow the entire pattern of the beam scanning along the treatment delivery in the verti-
cal and horizontal coordinates (see Figures 4.1 (a) and (b), respectively).

A shift of the measured lateral beam positions is seen in Figure 4.1 (b). The reason of
this is the geometry of the experimental configuration. As shown in Figure 3.9 (a), the
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position of the tracking system is in the positive direction of the horizontal coordinate.
Therefore, the quantitative assessment was only performed on the vertical coordinate.

4.1.2. Precision and accuracy of the monitoring method

The evaluation of the precision of the method was based on the calculation of the dis-
tances between the measured and the reference lateral beam positions, as mentioned in
section 3.5.3. From here on, the distance differences are called signed differences.

As seen in Figure 4.1 (a), the distribution of measured lateral beam positions is “shrunk”
with respect to the reference positions. This is due to the location of the back-projection
plane at the isocenter, leading to a systematic underestimation of the pencil beam posi-
tions located at the outer edges of the treatment field, far away from the central beam
axis. In order to exclude the affected data region, reference lateral beam positions within
a central region of +3 mm around the central beam axis were selected for the analysis of
signed differences, as shown in Figure 4.2 (a).
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Figure 4.2. (a) Comparison of reference (black triangles) and measured (blue points) pencil beam positions
within the selected central region of +3 mm. (b) Signed distance differences between reference and measured
pencil beam positions. (c) Precision and (d) accuracy of the method within the selected central region. Shaded
blue area in (d) indicates the uncertainty of accuracy.

Due to the applied constraint on the number of eight ion tracks per pencil beam afore-
mentioned, the first two beam energies (E1 and E2) show no measured pencil beam po-
sitions.
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The signed differences for the single pencil beams are shown in Figure 4.2 (b). The stand-
ard deviation of the difference distributions with each beam energy was calculated (see
section 3.5.3), giving the value of the precision in each beam energy. The obtained pre-
cision values are shown in Figure 4.2 (c), and they go from 0.98 mm to 3.39 mm. Due to
the selection of the +£3-mm central region and the applied constraint to the number of
ion tracks per pencil beam, the last two beam energies (E21 and E22) are not taking part
of the analyzing. Furthermore, the total number of tracked secondary ions per delivered
primary carbon ion was also calculated. It was found to be on average 0.00024 for the
delivered TP1.

Figure 4.2 (d) shows the accuracy. It was obtained by calculated the mean of the absolute
distance differences in each beam energy. Uncertainties of the accuracy are shown by
the shaded area. The obtained accuracy values range from 0.75 mm to 3.51 mm. The
value of 0.75 mm also corresponds to the highest beam energy evaluated (E20).

The decreased precision and accuracy values as seen for the lowest beam energies are
due to the low amount of detected secondary ions coming from these beam energies
and the increased scattering than these secondary ions undergo inside the head phan-
tom. By increasing the sensitive detection areas [Jakubek et al, 2014], the amount of de-
tected secondary ions can increase.

4.1.3. Reproducibility of the monitoring method

Six deliveries of the same treatment plan (TP1) were carried out in order to investigate
the uncertainty of the precision and the reproducibility of the results. Separately for each
delivery, the difference distributions were obtained in each beam energy, followed by
the calculation of the standard deviation of difference distributions in each beam energy
for each repetition. Afterwards, the mean of the six calculated standard deviations was
obtained for each beam energy. The resulting values are shown in Figure 4.3, where the
points represent the mean precision and the uncertainty bars indicate the reproducibil-
ity. In this situation, the precision values range from 0.84 mm to 2.59 mm.
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Figure 4.3. Standard deviations of signed distances for the six deliveries of the TP1. The calculation was done
within the selected central region of +3 mm.
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To mimic a situation in which the tracking system consist of six pairs of AdvaPIX TPX3
modules with sensitive detection areas of 2 cm?2, the results of the six measurements
were added together. Compared to the obtained values for one repetition only, the pre-
cision improved from 14% to 24% by assuming that five more tracking systems were
added to the first system. With this configuration, the precision could be improve, show-
ing that the main issue for the proposed methodology is related to the yield of secondary
ions detected and tracked and to the size of the sensitive detection area.

4.1.4. Investigation on the sensitivity of the method

Each time a treatment is delivered, the ion beam is monitored by the BAMS in the nozzle
and beam record files are generated. These files contain the coordinates of the reference
lateral beam positions. Ideally, the contained information in the beam record files
should be the same for several deliveries of the same treatment plan. However, this is
different in reality, since spill-to-spill variations in the pencil beam parameters as beam
intensity, size and positions are present. To evaluate the effect of such variations, the
method was assessed in terms of sensitivity. This assessment consisted in the compari-
son of the measured lateral beam positions obtained in first delivery of the treatment
plan with the reference lateral beam positions obtained in the five subsequent deliveries

of the same treatment plan.

Figure 4.4 shows the accuracy when comparing the measured lateral beam positions
with the incorrect reference positions of the different deliveries. The shaded areas indi-
cate the uncertainty of the obtained values.

14
repetition #1
13 Bl repetition #2
—~12 r Bl repetition #3 4
E i * repetition #4 *
1 /
£ 5 Bl repetition #5
B repetition #6

1 mm clinical uncertainty

Accuracy per energy layer
—lo—'r\)wbmo\wmuos

35 40 45 50 55 60 65 70 75 80 85 90 95 100 105
Irradiation Time (s)

Figure 4.4. Accuracy of the method when comparing measured pencil beam positions with reference positions
of different deliveries of the TP1. Blue curve is the accuracy of measured pencil beam positions compared to its
corresponding reference positions. The other curves indicate accuracy values obtained when combining the
measured positions (first delivery of the TP1) with the beam positions measured by the BAMS for different
deliveries of the same treatment plan. Shaded color areas indicate the uncertainties.
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The accuracy of the measured lateral beam positions that were compared with their cor-
responding reference positions is shown by the blue curve. It is apparent, that the accu-
racy values increase significantly when comparing the measured pencil beam positions
with the reference pencil beam positions as measured by the BAMS for other deliveries
of the same treatment plan.

Focusing on one typical beam energy, for instance, beam energy 16 (224.81 MeV /n), the
time structure differences in the reference positions can be visualized in Figures 4.5 (a)
and (b). The time structure varies from one delivery to another of the same treatment
plan. This is manly caused by fluctuations of the beam intensity, reflected in the time
needed to deliver required number of ions per spot.

When comparing the reference positions of the first delivery with the reference positions
of the third delivery, accuracy differences are about 7.47 mm (see Figure 4.5 (a)). When
comparing the reference positions between the first and fifth delivery, accuracy differ-
ences are 0.34 mm (see Figure 4.5 (b)). This means that variations in treatment delivery
can be detected with the proposed monitoring method. Therefore, the sensitivity of the
monitoring method is not enough to detect such small differences.
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Figure 4.5. Time structure fluctuations due to synchrotron variations between (a) the first and third delivery
and (b) the first and fifth delivery of the TP1 in the beam energy 16 (224.81 MeV/n). (c) Time structure of the
first and fifth delivery of the TP1 in the beam energy 14 (217.25 MeV/n).

Not only there are large differences in the accuracy values, but also in their uncertainties
increase, in particular for the lowest beam energies (irradiation times between 5 s and
35 s). In contrast, from higher beam energies (irradiation times greater than 40 s) the
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4. Results and Discussion

uncertainties were found to be around +5% on average, with decreased accuracy values.
For the beam energies E12 and 13 (see Figure 4.4), the uncertainties were found to be
+14% on average.

4.1.5. Influence of the alignment of the tracking system on the results

The alignment of the tracking system in this study was not performed with
respect to the laser system in the experimental room, since the geometry of the
experimental configuration was not symmetric. Therefore, the fine residual
alignment corrections were performed offline during the data analysis. A tilting
on the b coordinate of the sensitive detection area was optimized (see Figure
4.6 (a)). The tilting affects the vertical coordinate obtained from the data analy-
sis, as can be seen in Figure 4.6 (b).
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Figure 4.6. (a) Scheme of the applied tilting angle on a-axis of the sensitive detection area. (b) Overall
mean absolute differences of measured and reference pencil beam positions. The minimum overall
mean differences was found at a tilting angle of 0.2°.
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In order to find the optimal tilting angle to compensate for a minor residual
misalignment, the minimum overall value of the precision was found. For that,
twelve values of the tilting angle between 0.05° and 0.3° were analyzed. The
minimum overall value was found to occur at the tilting angle of 0.2°, as shown
in Figure 4.6 (b). The tilting correction was applied only for the vertical coordi-
nate and not for the horizontal coordinate, since it was not evaluated for the
reasons aforementioned. It has to be pointed out, that all the results presented
above were already plotted with the actual tilting correction. In the following
sections of this chapter, the corresponding alignment of the tracking system is
explained.

4.1.6. Discussion to the monitoring performance with tracking system posi-
tioned at 30°

In Figure 4.2 (c), the precision value of 0.98 mm corresponds to the highest beam energy
evaluated (E20), since the number of delivered primary carbon ions was the highest
(~400,000 carbon ions per pencil beam), allowing the highest number of secondary ion
tracks per pencil beam to be detected. Moreover, the energy of the secondary ions is the
highest, minimizing the multiple Coulomb scattering in the head phantom.

The found total number of tracked secondary ions per delivered primary carbon in this
experiment was 0.00024. In Rucinski et al, 2018, a homogeneous PMMA phantom was
irradiated with monoenergetic helium- and carbon-ion beams in a single beam position.
Although the detection angles were 60° and 90° relative to the beam axis, production of
secondary ions was reported to be between 0.5 to 17.5x1073 per primary ion per stera-
dian, depending on the incident ion beam. Considering the solid angle of 0.014 sr for
the tracking system placed at 12 cm from the isocenter in this current study of the thesis,
the found value of secondary ions per primary ion per steradian was 17.1x10-3, which
is in the order of the value reported in Rucinski et al, 2018. Since the yield of detected
secondary ions decreases as the detection angle increases [Gwosch et al, 2013; Haettner
et al, 2013; Robert et al 2013], the value of 17.1x1073 seems smaller when placing the
tracking system at 30°, in contrast to that for detection angle at 60° and 90°. It is recalled,
that the size of the sensitive detection area used in this thesis is 1.4x1.4 cm?, in contrast
to 20%20 cm? reported in previous studies [Piersanti et al, 2014; Traini et al, 2017; Ruc-
inski et al, 2018].

The use of larger areas of detection [Jakubek et al, 2014] and the future development of
a tracking system consisting of several sensitive detection areas at different positioning
angles can increase the yield of detected secondary ions, in particular those coming from
lower beam energies, and, thus, the improvement of the precision of the method.

Furthermore, the location of the back-projection plane has to be optimized in order to
avoid the “shrinkage” of the measured lateral pencil beam distribution. Thus, we could
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4. Results and Discussion

obtain the most adequate back-projection plane when several treatment plans are ana-
lyzed.

Published studies of other authors regarding the monitoring of the ion beam, specifi-
cally, ion range monitoring, have extra material between the beam nozzle and the irra-
diated object [Agodi et al, 2012; Henriquet et al, 2012; Piersanti et al, 2014; Toppi et al,
2016; Rucinski et al, 2018]. This material is a thin plastic scintillator used as start counter
(to measure the primary carbon ions), which can introduce scattering of the primary ion
beam, potentially impacting the conformation of the dose to the target volume. Further-
more, a beam hodoscope, consisted of square scintillating fibers, between the beam noz-
zle and the irradiated object is required in the interaction vertex imaging (IVI) technique,
to tag the incoming carbon ions and to determine their trajectories [Henriquet et al 2012].
This beam hodoscope can also introduce scattering of the primary carbon-ion beam.

In contrast to the techniques mentioned above, the proposed monitoring methodology
does not require any extra material in the primary beam. Thus, our methodology is more
clinically acceptable.

4.2. Pencil beam monitoring with the tracking system positioned at the
beam axis (0°): experimental evaluation of the performance

In contrast to the measurements at 30° from the beam axis (see section 4.1), the tracking
system was positioned at 0°, i.e., on the beam axis, in order to improve the precision and
accuracy values. The aim of this experimental configuration was to minimize both sta-
tistical and geometrical uncertainties, and to monitor both vertical and horizontal coor-
dinates. However, several major technical issues were faced with the new configuration.
They were related to the high secondary-ion fluence rate due to the forward direction
of most of the secondary ions in the nuclear fragmentations. The detected fluence rate
was up to 1.5x10° ions/s/cm?, overtaking the speed of data readout and causing strong
pile-up signals. In particular, signal clusters related to different ions could not be sepa-
rated. Figure 4.7 shows the effect of the high fluence rate for the evaluation of the lateral
pencil beam positions.

The beam energy E18 shows only few measured pencil beam positions, whereas the last
four beam energy show no measured beam positions at all. This is due to the effect of
the high secondary-ion fluence rate on the sensitive detection areas. This high fluence
rate saturates the detectors while processing the acquired information, impeding the
acquisition of more signal beyond at certain value. In this case was after irradiation time
of 90. Moreover, for these last beam energies, the number of primary carbon ions sent
per spot is greater than that for the lower beam energies, which causes the production
of more secondary ions.
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Figure 4.7. Comparison of measured (blue points) and reference (orange triangles) pencil beam positions in the
vertical coordinate. The lack of measured beam position is visible due to the high fluence rate detected.

With this situation, only 9538 out of 10218 pencil beam positions with measured ion
tracks were compared. Thus this situation was the motivation for optimizing the dis-
tance between the tracking system and the isocenter and for improving both hardware
and software to reach an optimal operation to detect the secondary ions and to evaluate
the performance of the method.

In order to overcome these issues, improvements in the hardware of the detector and in
the data analysis algorithms were performed. The improvements are listed as follows:

a) Hardware-related improvements:

The synchronization chip board of both AdvaPIX TPX3 modules was
changed for a new PCB board. This board was designed and manufac-
tured by ADVACAM s.r.0., located in Prague, Czech Republic.

With the new chip board, the trigger signals were changed from CMOS
(Complementary Metal-Oxide-Semiconductor) logic to LVDS (Low-Volt-
age Differential Signaling) for a robust synchronization, where the edge
speed in the 20% to 90% rise/fall time, in contrast to that for CMOS logic
of 10% and 90% rise/fall time. The terminations of the signals were also
improved.

A device-ready signal device was introduced. This device allows the
modules to start in an arbitrary order, with the master module waiting
for the slave module to be ready for data acquisition.

b) Software-related improvements:

The clusterization algorithm was improved. The time window was set to
150 ns, which is the time difference limit between the pixels to be consid-
ered as part of the same cluster.

The coincidence finding process was also improved based on ten param-
eters of the clusters. The coincidence time window was set to £50 ns.
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4. Results and Discussion

e The ten cluster parameters were used to discriminate and resolve ambig-
uous coincidences. In the case of the acquired data from the TP2 delivery,
Figure 4.7 shows the efficiency of resolving ambiguous coincidences ac-
cording to different coincidence time windows.

In order to find the optimal performance of the improved coincidence algorithm, differ-
ent coincidence time windows were evaluated. In Figure 4.8. (a), the amount of single-
and multi-clusters coincidence is shown. Considering the plateau region of the amount
of matched single clusters (blue curve), the coincidence time window of +50 ns was cho-
sen. Figure 4.8 (b) shows the amount of matched multi-clusters that were resolved ac-
cording to the ten cluster parameters mentioned in section 3.5.1. With a coincidence time
window of £50 ns, it is possible to resolve 95% of the matched multi-clusters. The effi-
ciency of the improved coincidence algorithm is shown in Figure 4.8 (c). For coincidence
time windows greater than 80 s, the efficiency of matching single clusters decreases.
This means, that different single clusters can be mistakenly evaluated as one bigger clus-
ter.
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Figure 4.8. (a) Single and multi-clusters in the coincidence process. (b) Matched multi-clusters resolved with the
improved coincidence algorithm. (c) Efficiency of the improved coincidence algorithm to resolve multi-clusters.
Different coincidence time windows were evaluated.

As seen in Figure 4.8, the coincidence time window of +80 ns is apparently a breaking
point for all the distributions. This is due to the fact that two or more clusters can be
taken as one single cluster, which is reflected in the decreasing number of matched sin-
gle clusters part of the blue curve in Figure 4.8 (a). Although the resolved matched
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multi-clusters increases as shown in the black curve in Figure 4.8 (b), the number of
matched multi-clusters also increases as seen in the red curve in Figure 4.8 (b). Further-
more, as the coincidence time window increases, the efficiency of resolving matched
multi-clusters decreases, because more clusters are considered as one. Therefore, the
coincidence time windows of £50 ns was chosen.

The distance optimization was performed in order to avoid future technical issues due
to the secondary-ion signal, since the total number of beam energies in each treatment
plan differs according to the tumor volume: 22 and 15 beam energies for the TP1 and
TP2, respectively. The number of beam energies depends on the tumor size in order to
properly cover it. The found results in this experiment were analyzed with the improve-
ments in both hardware and software.

4.2.1. Comparison of the results with the tracking system positioned at 30°
and O° relative to the beam axis

The measured lateral beam positions when positioning the tracking system at 0° relative
to the beam axis were compared to those for the tracking system placed at 30° relative
to the beam axis, found in section 4.1. Here, the TP1 was compared. Table 4.1 shows the
parameters used this comparison. In order to avoid pile-up effect of the signals due to
the extremely high fluence rates, the distance of the tracking system to the isocenter was
increased 3 times, and the coincidence window was decreased.

Table 4.1 Parameters used in the comparison of the results for the positioning angle of the tracking system of
30° and 0° relative to the beam axis.

Tracking system position relative to the beam axis

Parameter 30° 0°

Coincidence analysis Based on arrival time Based on arrival time and dissim-
ilarities

Coincidence time window +75 +50

(ns)

Distance to isocenter 12 35

(mm)

Reference pencil beam positions MWPC2

Back-projection plane location Isocenter

Analyzed coordinate Vertical

Analyzed central region +3

(mm)

Constraint in number of tracks per <8 None

time group

The number of ambiguous coincidences at the positioning angle of 0° is up to 18% higher
than that at 30°. Moreover, in order to assess the improvements introduced by the new
coincidence algorithm (see section 3.5.1), the measured lateral beam positions with the
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tracking system placed at 0° were analyzed with both new and old coincidence algo-
rithms. Afterwards, the quantitative comparison of the measured lateral beam positions
with the tracking system in both positions was performed. Figure 4.9 shows the preci-
sion and accuracy found in this comparison.

As seen in Figures 4.9 (a) and (b), the positioning angle of the tracking system at 0°
relative to the beam axis has an impact on both precision and accuracy values. On the
first look it apparent, that while the majority of the precision and accuracy values are
below the clinically accepted uncertainties of 1 mm, only the two points belonging to
the last two energy layers are close to this value.
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Figure 4.9. Comparison of measured lateral beam positions within the +3-mm central region at positioning an-
gles at 0° (solid green lines) and 30° (dashed blue lines), in terms of (a) precision and (b) accuracy. Shaded color
areas indicate the uncertainties of the accuracy. (c) Effectivity of the method in each beam energy in terms of
percentage of accessible pencil beams.

According to Figure 4.9 (a), the precision ranges from 0.23 mm to 1.46 mm (green up-
ward triangles) with the tracking system at 0°, compared to precision at 30° ranging
from 0.98 mm to 3.39 mm (blue upward triangles). This represent an improvement up
to a factor of 4. At positioning angle of 0°, the accuracy shown in Figure 4.9 (b) goes from
0.19 mm to 1.41 mm (green diamonds), in contrast to the accuracy at 30° that ranges 0.75
mm to 3.51 mm (blue diamonds). The found values translate to an improvement up to
a factor of 7.
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The number of tracked secondary ion at 0° is one order of magnitude higher than that
at 30°. This is reflected in the decrease of the statistical uncertainties of the data. Moreo-
ver, the first two beam energies can be accessed.

In addition, the effectivity (percentage of analyzed beam positions over the total number
of beam positions) within the selected central region is shown in Figure 4.9 (c). It can be
seen an increase of analyzed lateral beam positions up to 8 times more when placing the
tracking system at 0° (green downward triangles) compared to 30° (blue downward tri-
angles). The average effectivity was found to increase from 9% (tracking system at 30°)
to 13% (tracking system at 0°). This is a consequence of the increase of the number of
measured secondary ion tracks by more than one order of magnitude. Therefore, only
by changing the position of the tracking system and optimally adjusting the isocenter-
to-tracking system distance, an increase overall of 44% in the effectivity could be
reached.

4.2.2. Performance of the method for a real clinical treatment plan

In order to further evaluate the capabilities of the proposed monitoring methodology, a
treatment plan designed for a clinical delivery to a real patient was used (see section
3.2).

In this study, the tracking system was positioned at 28 cm downstream of the isocenter.
Different back-projection planes transverse to the beam axis were considered to evaluate
the impact of the back-projection plane depth on both precision and accuracy values.
Besides the located plane at the isocenter, depths at 30 mm, 40 mm, 50 mm, 60 mm and
70 mm were assessed.

As mentioned in section 4.1.2, a “shrinkage” of the data points which are most distant
from the isocenter is seen when ion tracks are back-projected onto the transverse plane
located at the isocenter.

In Figure 4.10 (a), the “shrunk” distribution of measured lateral beam positions (blue
points) is seen, with respect to the reference lateral beam positions (black triangles), for
the back-projection plane at the isocenter. By back-projecting the ion tracks onto the
transverse plane at 50 mm upstream the isocenter, the systematic underestimation of
the pencil beam positions located at the outer edges of the treatment field due to the
“shrinkage” is overcome, as shown in Figure 4.10. (b). Hence, no central region is needed
to be selected for the analysis anymore. This, together with the very much-increased
number of ion tracks for the pencil beam positions, allowed us to analyze all pencil beam
positions within the entire tumor volume, according to the field under investigation
(field at 0° as mentioned in section 3.2).
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The precision and accuracy of the method were then evaluated using different positions
of the back-projection planes, which are always perpendicular to the beam axis. In Fig-
ure 4.11, it can be clearly seen that the plane at -50 cm provides the best precision and
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accuracy values, while at the isocenter (red curves), shows the most decreased precision
and accuracy. The values of precision and accuracy are given in Table 4.2. The precision
values for ten out of fifteen beam energies (irradiation times from 15 s to 65 s) are within
the clinically accepted uncertainty of 1 mm (see Figure 4.11 (a)). In the case of the hori-
zontal coordinate, the precision values are within the clinically accepted uncertainties
for all beam energies, except for the lowest beam energy (see Figure 4.11 (b)).

In the accuracy of the vertical coordinate (see Figure 4.11 (c)) the values corresponding
to the lowest and highest beam energy are above 1 mm. The rest of them (thirteen beam
energies) are within the clinically accepted uncertainties. In the horizontal axis (see Fig-
ure 4.11 (d)), the accuracy values for fourteen out of fifteen beam energies are below 1
mm, except for the lowest beam energy.

Table 4.2. Ranges of precision and accuracy values at different depths of back-projection planes transverse to
the beam axis. Highest values are indicated in blue, corresponding to back-projection plane located at 50 mm
upstream of the isocenter.

Depth of back-projection plane with respect to isocenter (mm)

Parameter
0 -30 -40 -50 -60 -70

Precision in
. . 131t0211 0.82to155 0.75t0157 0.61to1.49 0.67t01.52 0.80to1.54
vertical axis (mm)

Precision in
.. 0.87t01.85 046to1.41 031t0o140 027t01.39 0.37to1.41 0.50to1.43
horiz axis (mm)

Accuracy in
) . 112t01.82 0.82t01.23 0.79t0o1.20 049t01.23 0.52t01.29 0.65t01.33
vertical axis (mm)

Accuracy in
.. 0.88t01.57 037to1.18 043t0o123 033to1.20 0.58t01.28 0.70to01.33
horiz axis (mm)

Figure 4.12 shows the minimum and maximum values for the precision and the accu-
racy. It is clearly seen, that the back-projection plane at the depth of 50 mm upstream of
the isocenter gives the highest minimum and maximum values of the precision in both
the vertical and horizontal coordinates (see Figure 4.12 left). The highest minimum and
maximum values of the accuracy for both coordinates are reached at this back-projection
of 50 mm (see figure 4.12 right). This plane provides the highest precision and accuracy
values of the monitoring method for the specific treatment plan (TP2). Therefore, the
positioning of the tracking system at the beam axis and the optimized depth of the back-
projection plane (50 mm upstream of the isocenter), allow us to cover the entire treat-
ment volume with only a 2-cm? sensitive detection area, and to improve the precision
and the accuracy in 71% and 85%, respectively, compared to the tracking system posi-
tioned at 30° from the beam axis.
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ment plan TP2.

The access to pencil beam positions located in the lowest beam energies is possible in
contrast to the tracking system positioned at 30° from the beam axis (see section 4.1).
Moreover, the position of the tracking system at the beam axis allowed a quantitative
evaluation of both vertical and horizontal coordinates, which was not possible in section
4.1 due to geometrical uncertainties when positioning the tracking system at 30°.

The effectivity of the method is shown in Figure 4.13 (blue curve). The 100% of pencil
beam positions were successfully analyzed for all beam energies, which means that the
assessment could be performed over the entire tumor volume. This result supports the
motivation of positioning the tracking system directly at the beam axis.
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Figure 4.13. Effectivity (blue curve) in terms of successfully accessed pencil beams, which is 100% for all beam
energies. Mean of tracked secondary ions per spot position (red curve).
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The mean number of tracked secondary ions per position was also quantified. As seen
in Figure 4.13 (red curve), an increasing trends when increasing the beam energy is
clearly observed. This is related to the increased number of delivered primary carbon
ions at the distal boundary of the tumor volume.

In addition, the measured and reference lateral beam positions were compared in the
transverse plane to the beam axis. Figure 4.14 shows the beam’s eye view of each beam
energy used in the TP2. In Figure 4.14, the pattern that follows the beam scanning is
seen. Moreover, the measured lateral beam positions reproduce that pattern very well.
According to the reference positions, some beam energies exhibit a vertical scanning
movement, and other beam energies present a horizontal movement. The measured lat-
eral beam positions follow these direction changes. Thus, the proposed monitoring
methodology is capable of reproducing the changes in the beam scanning direction dur-
ing the treatment delivery.
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Figure 4.14. Beam’s eye view of measured (blue points) and reference (orange triangles) lateral beam positions
for each beam energy used in the evaluated treatment plan TP2. The back-projection plane is located at a depth
of 50 mm upstream of the isocenter. The beam scanning movement (horizontal or vertical) can be clearly distin-
guished.
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4.2.3. Discussion to the monitoring performance with tracking system posi-
tioned at O°

Part A: Comparison of the results for tracking system positions at 30° and 0°

The improvements found for the tracking system at 0° compared to the monitoring at
30° have shown great benefit in the performance of the method.

The 98% of the ambiguous coincides (due to the higher secondary-ion fluence rate at the
detector-positioning angle of 0° relative to the beam axis) could be resolved with the
new coincidence algorithm. In doing so, the improvement in precision and accuracy
values increases by 15% and 9%, respectively (see section 4.2.1 and Figure 4.9).

Moreover, with the tracking system at 0°, the beam energies E1 and E2, which in the
first experiment could not be analyzed, were now accessible evaluated.

The number of tracked secondary ions per primary carbon ion was quantified. With the
positioning angle at 30° relative to the beam axis, 17.1x10-3 tracked secondary ions per
primary carbon ion per solid angle were measured at 12 cm from the isocenter. With the
positioning angle at 0°, 4.63 tracked secondary ions per primary carbon ion per solid
angle were measured at 35 cm. This represents an increase by a factor of 271.

The 100% of the pencil beam positions within the selected central region of +3 mm were
evaluated. As seen in Figure 4.9 (a) and (b), the precision and accuracy values are below
the clinically accepted uncertainties of £1 mm. Only for the first three beam energies,
these values are above 1 mm. This is due to the low amount of tracked secondary ions
from these beam energies. The use of larger sensitive detection areas to increase the
number of detected secondary ions could eventually improve the precision and accu-
racy values for the lowest beam energies.

Furthermore, the positioning of the tracking system at 0° gives the possibility to meas-
ure not only the vertical coordinate, but also the horizontal coordinate simultaneously.

Part B: Performance of the method with a clinical treatment plan

In comparison to the results obtained when positioning the tracking system at 30° rela-
tive to the beam axis, the evaluation of the performance of the method was possible for
both coordinates (vertical and horizontal) simultaneously with the tracking system po-
sitioned at 0° relative to the beam axis. All the pencil beam positions within the central
region under investigation could be assessed. The precision and accuracy reached val-
ues in line with the clinically accepted uncertainties of +1 mm. However, this does not
hold true for the first two beam energies of the treatment plan TP1. In order to improve
the precision and accuracy in these beam energies, larger detection areas have to be con-
sidered. The trend shown in Figures 4.9 (a) and (b) indicate the highest values of preci-
sion and accuracy, respectively, as the beam energy increases.
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4. Results and Discussion

An optimization of the back-projection plane depth was performed for the monitoring
at 0° for the delivery of the treatment plan TP2. Further improvements were reached by
an optimization of the position of the back-projection plane along the beam axis. At the
back-projection plane located at 50 cm upstream of the isocenter, it was possible to reach
the highest values of precision and accuracy for both coordinates, enabling us to evalu-
ate the 100% of the total pencil beam positions of the treatment plan (TP2), i.e., in the
entire tumor volume. Thus, by using this real clinical treatment plan TP2 delivered to a
head phantom, with different internal structures and inhomogeneities, the performance
of the method was tested in a worst-case scenario.

The situation of delivering a real clinical treatment plan to the head phantom translate
in uncertainties in the rising part observed in Figures 4.14 (a) and (b), belonging to the
beam energies E13 to E15. Another reason of the decreased precision and accuracy in
the vertical coordinate might be the suboptimal location of the back-projection plane
compared to the generation point of most of the detected secondary ions of this specific
beam energy. This issue could eventually be overcome by an optimization of black-pro-
jection planes for each individual beam energy separately. This issue could be eventu-
ally overcome under the consideration of black-projection planes for each individual
beam energy.

For the first beam energies of the treatment plan TP2 shown in Figure 4.11, the obtained
values of precision an accuracy in both coordinates are in the order of those values ob-
tained in the comparison of the monitoring at 30° and 0°. The cause of the decreased
precision an accuracy is related to the low number of tracked secondary ions. This is
due to the low total number of secondary ions created and their decreased range in the
phantom caused by their low velocities at the time of their production. Moreover, the
angular distribution of these secondary ions is at broadest due to the angular distribu-
tion originating from the nuclear interaction and the increased multiple Coulomb scat-
tering in the phantom given by their low energies. This issue can be improved by the
use of larger sensitive detection areas in the tracking system.

Some systematic uncertainties can be observed in the last subplots of Figure 4.14 that
correspond to beam energies 11-15. These systematic uncertainties could be due to mi-
nor remaining uncertainties in the detector alignment, which is a very sensitive param-
eter of the experimental setup. Another source of uncertainties is the different internal
geometry between a patient and the head phantom for the planning and the delivery of
the treatment plan. Nevertheless, when the treatment plan is delivered, which not cor-
respond to the irradiated geometry, the proposed method exhibited a well performance
for this situation. Hence, it is expected this methodology to reach an optimal perfor-
mance on a wide range of variety of real patient treatment plan and geometries.

As aforementioned, the observed remaining uncertainties could potentially be over-
come by using optimized back-projection planes for each single beam energy. With this,
precision and accuracy could be further improved, reaching values within the clinically
accepted uncertainties for all beam energies.
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From the findings of the monitoring at 0° relative to the beam axis, the developed meth-
odology has been shown to deliver a clinically relevant information with a clinically
relevant performance even though a worst-case scenario is being evaluated. Thus, the
method is an independent and complementary technique to monitor the lateral pencil
beam positions in a non-invasive manner.

4.3. First clinical measurement during a patient treatment

The performance of the proposed methodology was evaluated in the first clinical mon-
itoring of lateral pencil beam positions by means of secondary ion tracking at the Hei-
delberg Ion-Beam Therapy Center. This clinical application was measured in a head-
and-neck patient with a tumor volume of 73.85 cm3 treated with two fields at the angles
of 5° and 330°. The field at 5° was assessed.

4.3.1. Testing the influence of the monitoring system on the beam monitoring
system

Prior to the clinical application, measurements to investigate the possible influence of
the medical cart, containing the hardware for a remote operation and carrying the track-
ing system (see section 3.4.3), on the BAMS inside the beam nozzle were carried out.
The medical cart was placed as close as possible to the beam nozzle, in contrast to the
later clinical situation, as shown in Figure 4.15.
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Figure 4.15. Position of the medical cart with respect to the beam nozzle for testing the influence on the beam
monitoring system. These measurements were performed in one of the treatment rooms at the HIT facility.

During the irradiation, the BAMS signal was monitored continuously using the Ether-
CAT system in order to detect possible anomalies, in particular peaks or oscillations in
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4. Results and Discussion

the signal. Afterwards, the acquired results were compared to results of reference meas-
urements where the medical cart was not located inside the treatment room. These
measurements and their analysis were supported by medical physicist of the HIT facil-
ity

The resulting differences in terms of beam size and beam position were found to be in
the range of the usual fluctuations, as shown in Figure 4.16. Beam sizes and positions
were also measured by the MWPC3. No significant influences of the medical cart on the
BAMS were found. Moreover, no significant changes on the offsets and thresholds of
the ionization chambers were found.
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Figure 4.16. Influence measurements on the (a) beam size and (b) beam positions when the medical cart is not
at the treatment room. Measurements of (c) beam size and (d) beam positions with the medical cart next to the
beam nozzle. Dashed lines indicate the tolerance limits in these influence measurements. Solid black lines indi-
cate the expected values. The beam energy ranges correspond to the used beam energies in the clinical treatment
delivery. Courtesy of Dr. Marcus Winter.

4.3.2. Delivery of the treatment plan to the patient

Having fulfilled the requirements concerning the influence on the BAMS, as well as
safety electrical protection of the medical cart and each device within it, the tracking
device was accepted to be used during the clinical treatment delivery. As the patient
measurements was performed before the methodology for the measurement at the beam
was developed, the tracking system was positioned at 30° relative to the beam axis. The
distance to the isocenter was 16 cm. This gave us a distance window of 5 cm between
the head of the patient and the tracking system cover (see Figure 3.10). This distance
window was the minimum allowed by the medical physicists. The references pencil
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beam positions were obtained from the MWPC3 measurements at the isocenter, which
were performed one day before the patient treatment.

As explained in section 4.1.1, due to the geometry of the experimental configuration at
30°, the analysis of the lateral pencil beam positions was performed in the vertical coor-
dinate only. The calculation of the measured lateral beam positions was performed in
the same manner as described in detail in section 4.1 (also see section 3.5). The constraint
of eight ion tracks per pencil beam was also applied in this case. Figure 4.17 shows the
comparison of measured and reference lateral pencil beam positions.
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Figure 4.17. (a) Comparison of reference (black triangles) and measured (blue points) pencil beam positions in
the vertical coordinate. Shaded area represents the £10 mm central region under investigation. (b) Precision and
(c) accuracy when considering pencil beam positions in central region of £3 mm (pink curves) and 10 mm (blue
curves). Beam energies with irradiation times before 40 s are not evaluated due to applied constraint in the
number of tracks per pencil beam.

The twenty-three beam energies can be clearly seen in Figure 4.17 (a). As in section 4.1.2,
the pencil beams with positions in a central region were selected for the evaluation of
the method in terms of precision and accuracy, as shown by the shaded pink area in

Figure 4.17 (a). For that, two sizes of central regions were investigated: +3 mm and +10
mm.

Differences between reference and measured lateral beam positions were calculated for
each beam energy. From the difference distributions, precision and accuracy were cal-
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4. Results and Discussion

culated (see section 3.5.3). Figures 4.17 (b) and (c) shows the obtained precision and ac-
curacy, respectively, for the selected central regions of £3 mm (pink curves) and £10 mm
(blue curves).

Only few measured lateral beam positions are present in irradiation times between 0 s
and 5 s. The reason is the low energy of the incoming beam (95.67 MeV /n and 102.22
MeV /n), where less secondary ions are produced and most of them could not leave the
head.

Due to the selected central regions and the applied constraint on the track number per
pencil beam, beam energies below irradiation times of 40 s could not be analyzed. For
the analyzed beam energies, precision values for the £3-mm central region were found
to range from 0.85 mm to 3.69 mm. For the +10-mm central region, the values go from
0.90 mm to 4.31 mm. In the case of accuracy, it ranges from 1.09 mm to 2.87 mm within
the £3-mm central region, and from 1.06 mm to 3.59 mm in the +10-mm central region.

The obtained precision and accuracy values are similar to the results from the monitor-
ing at 30° (see section 4.1.2), reaching the clinically accepted uncertainties (+1 mm) in
the highest beam energy evaluated. Moreover, the reference pencil beam positions that
were measured the day before the treatment delivery (with the MWPC3 placed at the
isocenter) could be the reason for remaining uncertainties.

4.3.3. Discussion to the findings of the first clinical application of the method

In this measurement, the developed methodology was investigated for the first time
during a real clinical patient treatment.

The obtained precision and accuracy values within the assessed central regions are in
agreement with those obtained in section 4.1 (see Figure 4.17 (b) and (c)). In particular,
the precision and accuracy for the highest beam energies (E21 and E22) are in line with
the clinically accepted uncertainties.

In general, when the tracking system is positioned at 30° from the beam axis, the low
amount of tracked secondary ions coming from the lowest beam energies is the main
drawback. The shallow location of the tumor volume, as shown in the CT image in Fig-
ure 3.3 (c) of this clinical treatment plan represented a particularly challenge for the con-
figuration for pencil beam monitoring. The low yield of tracked secondary ions was
found between the beam energies E1 to E8§ with values of 95.67 MeV /n to136.92 MeV /n.
No secondary ion tracks were detected from the first beam energy. Moreover, secondary
ion tracks were detected for only three pencil beam positions in the second beam energy.
This can be explained by the low number and the low energy of secondary ions pro-
duced at those beam energies that could not leave the patient. Another contribution to
this effect is that the secondary ions that could leave the patient were stronger affected
by multiple Coulomb scattering due to the lower secondary ion energies, and they could
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not reach the sensitive detection areas. The low number of secondary ions could even-
tually be increased by decreasing the positioning angle of the tracking system relative
to the beam axis.

Although the position of the tracking system for the first and second experiment was
investigated for the specific location of the tumor according to the TP1 and TP2 (30° and
0° from the beam axis, respectively), the position of the tracking system for this clinical
treatment delivery was not the optimal due to the shallow location of the tumor. For all
tumor positions and shapes, the positioning of the tracking system at the beam axis (0°)
will be the best. At this initial stage of the performance of this monitoring methodology,
further clinical measurements should be performed with a tumor location similar to the
presented in the TP2. Still, the position of the tracking system has to be further investi-
gated.

4.4, Overall discussion and outlook

For the presented monitoring methodology, the found values of precision and accuracy
were superior when the tracking system was positioned at 0° relative to the beam axis,
compared to the results at 30°. Moreover, they are within the clinically accepted uncer-
tainties of £1 mm, even in a worst-case scenario (see section 4.2).

For the tracking system positioned at 30° from the beam axis (see sections 4.1 and 4.3),
the precision and accuracy were in line with the clinically accepted uncertainties only
for the highest beam energies. The main reason of the increased values at lower beam
energies is the low number of detected secondary ions due to the small sensitive detec-
tion area (2 cm?). Moreover, the number of produced secondary ions is lower due to the
number of primary carbon ions sent per spot in those beam energies. Additionally, the
energy of the secondary ions is lower due to the low energy of the primary carbon ions.
Therefore, most of the produced secondary ions are stopped within the patient and the
remaining ions undergo increased multiple Coulomb scattering due to their low energy.
The precision and accuracy values can potentially be improved by increasing the sensi-
tive detection area. This can be reached by constructing a detector with a larger detec-
tion area, e.g., using laterally touching mini-trackers. Interestingly, the larger areas are
needed just to increase the amount of secondary ions, not to increase the effectivity of
the method in terms of accessible pencil beams, since this has already reached the 100%
with the used mini tracking system (2 cm?) positioned at the beam axis. Positioning
tracking systems off the beam axis would lead to a decreased number of secondary ions,
but the beam range could potentially be monitored [Dauvergne et al, 2009; Amaldi et al,
2010; Gwosch et al, 2013; Piersanti et al, 2014; Gaa et al, 2017; Reinhart et al, 2017; Bi-
sogni, 2019; Félix-Bautista et al, 2019].

In the frame of hypofractionated carbon-ion beam radiotherapy, higher fraction doses
(8 Gy(RBE)) are delivered compared to standard fraction doses (3 Gy (RBE)) [Jensen et
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al, 2011]. In this case, an increased number of primary carbon ions are delivered per
spot, which can be translated into an increased yield of secondary ions. This higher
number of secondary ions can potentially improve the precision and accuracy of the
method.

The alignment of the tracking system positioned at 30° relative to the beam axis (see
section 4.1) could not performed with the laser system of the experimental room in a
straightforward way. Instead, the fine alighment of the detection layers was performed
offline by tilting the sensitive areas of detection to compensate the minor residual mis-
alignments. In section 4.2 corresponding to the tracking system positioned at 0° relative
to the beam axis, the alignment was performed according to the laser system of the ex-
perimental room. Moreover, a carbon-ion beam with the highest energy available at HIT
(430 MeV /n) was delivered at the isocenter (0,0) for a fine alignment of both sensitive
detection layers of the tracking system. For the beam monitoring during the patient
treatment (see section 4.3), the alignment in the treatment room was performed by using
rulers attached to the arm of the monitoring system with respect to the laser system in
the treatment room. A more dedicated alignment system could potentially improve the
performance of the method for both positions of the tracking system.

In this thesis, the performance of the method was investigated on three treatment plans
- a simple one (TP1), a realistic one (TP3) and the worse case (TP2). In future clinical
measurements the values of precision and accuracy could be different due to different
tumor locations and sizes, and the number of primary ions sent per spot. For instance,
at low beam energies, some secondary ions either can stop inside the patient or can leave
the patient in directions different to the detector position due to the multiple Coulomb
scattering, as mentioned in section 4.3. Another reason could be the heterogeneity inside
the patient, especially for head-and-neck tumors, where air cavities are present. Here,
the secondary ion detection based on Timepix3 detectors could be combined with the
detection of prompt photons as a possibility to complement the information on the pen-
cil beam positions at low beam energies.

Since the Timepix3 detectors have the advantage of simultaneous measurements of ion’s
arrival time and energy deposition, they are an attractive tool for the beam monitoring.
Scintillators detectors [Henriquet et al, 2012; Rucinsky et al, 2018, Traini et al, 2019; Bi-
sogni, 2019] and monolithic pixel detectors [Spiriti et al, 2017; Reidel et al, 2019] have
been used experiments for ion beam range monitoring to track secondary ions in car-
bon-ion irradiations. Nevertheless, compared to the number of sensitive layers used in
Reidel et al, 2019 and Traini et al, 2019, for the scintillating detector fiber trackers, the
advantage of Timepix detector family is the use of two sensitive layers in the mini-
tracker, which are sufficient for tracking. This is due to the 2-dimentional information
(pixels), fine-timing information and hit detection efficiency close to 100%.

So far, there are no reported techniques to independently monitor the lateral pencil
beam positions in the patient during treatment deliveries of carbon-ion beam radiother-
apy. The existing techniques based on secondary radiation detection, like PET-signal,
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prompt gamma and secondary ions, are being evaluated ion range verification [Kraan,
2015; Muraro et al, 2016]. A lateral pencil beam monitoring is currently not feasible due
to a spot-by-spot information loss, as reported for proton beam therapy [Richter et al,
2016]. A recent study reported the possibility of a spot-by-spot ion beam range verifica-
tion based on prompt gamma detection [Xie et al, 2020]. In principle, the presented
methodology in this thesis could be used as a spot-by-spot evaluation with the tracking
system place at 0°, instead of obtaining the mean spot position in each beam energy
layer. Thus, a spot-by-spot beam monitoring could be feasible laterally and longitudi-
nally to the beam axis, since the presented method has the possibility to be applied for
the purpose of the ion range verification, as mentioned above.

Since secondary ions are produced for all primary ions heavier than protons, in future
research it has to be investigated whether this methodology could be used for the beam
monitoring in helium- or oxygen-ion beam therapy. The helium-ion beam treatments
are planned to start at the HIT facility in the near future. In this case, the presented
monitoring methodology could eventually be integrated together with the workflow of
helium-ion radiography [Gehrke et al, 2018; Martisikova et al, 2018].

The developed monitoring methodology presented in this thesis has shown results of
clinical relevance and is ready to evaluate its performance with different tumor locations
within a large group of patients in a clinical study in the future. Moreover, this moni-
toring methodology can potentially be upgraded for an online monitoring in the future.
For that, an automatic interlock can be integrated in the future into the accelerator sys-
tem, in order to stop the beam in case of larger differences of the pencil beam positions
with respect to the planned values. For online monitoring, the fast development of the
state-of-the-art computational devices in technological and computer sciences could be
used in the future to provide sufficient speed for the performance of online data evalu-
ation [Fiorino et al, 2020].
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Chapter 5

Summary

In this thesis, the development of a methodology to monitor the lateral pencil beam positions
based on the tracking of secondary ion leaving an irradiated object is presented. Aiming at the
monitoring of the ion beam scanning at the room isocenter, three main investigations were per-
formed:

i.  Experiments in a head phantom with the tracking system positioned at 30° relative to
the beam axis
ii. ~ Experiments in the head phantom with the tracking system positioned at 0° relative to
the beam axis, divided in two parts:
a. Comparison with the experiments performed at 30°.
b. Measurements to assess the capabilities of the monitoring methodology using a
real patient treatment plan, presenting a worst-case scenario.
iii.  First clinical application during a patient treatment with the tracking system positioned
at 30° relative to the beam axis.

Different realistic tumor volumes and geometries were investigated in patient-like models under
clinic-like conditions, including typical clinical fraction doses and dose rate. Moreover, the per-
formance of the method was tested in a clinical real patient treatment for the first time. The
workflow described in chapter 3 was used in the assessment of the performance of the method
in all three aforementioned investigations. The most significant results attained in the investiga-
tions are briefly summarized in the following;:

Investigation I: Using a tracking system at 30° relative to the beam axis, pencil beams within a
central region of £3 mm were monitored, for the vertical scanning beam direction.

The precision was found to improve as the beam energy increases, ranging from 0.98
mm to 3.39 mm for a single measurement. When six measurements were summed up,
mimicking a larger detector area, the precision ranged from 0.84 mm to 2.59 mm, indi-
cating an improvement from 14% to 24% compared to those for a single measurement.
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5. Summary

The accuracy ranged from 0.75 mm to 3.51 mm, when considering a single measurement,
and from 2.17 mm to 0.77 mm, when considering six measurements. Additionally, the
reproducibility ranged from +0.42 mm up to +0.07 mm, for the statistics of six measure-
ments.

The method was found to be capable of detecting differences between the measured
and reference pencil beam positions down to 0.3 mm, and has shown capabilities of
reaching clinically accepted uncertainties of +1 mm for the highest beam energies. Part
of the results of this investigation were already published [Félix-Bautista et al, 2019].

Investigation II: The tracking system was positioned directly at the beam axis downstream of
the isocenter.

The technical challenges concerning the high secondary-ion fluence rate were successfully
solved. The algorithms for data analysis were also improved.

When comparing the results to the tracking system positioned at 30°, an increase of the
number of tracks measured by a factor of 30 was found. At 0°, both scanning beam direc-
tions -vertical and horizontal- could be evaluated. Improvements of 71% and 85% for
the precision and accuracy, respectively, were reached.

Moreover, the location of the back-projection plane was optimized. For the plane at the
depth of 50 mm upstream of the isocenter, the highest values of precision and accuracy
values were reached. Overall improvements of 54% and 49% for precision and accuracy,
respectively were reached. The method was found to be robust for different depths of the
back-projection planes.

For the vertical scanning beam direction, the precision of 0.61 mm - 1.49 mm, and the
accuracy of 0.49 mm - 1.24 mm, were found. For the horizontal scanning beam direction,
the precision of 0.27 mm - 1.39 mm, and the accuracy of 0.34 mm - 1.20 mm, were found
Additionally, the sufficient efficiency was found to access the 100% of all pencil beam
positions, i.e., covering the entire tumor volume.

The presented results of precision and accuracy are in line with clinically accepted uncer-
tainties. These results are part of an already provisionally accepted manuscript [Félix-Bau-
tista et al, 2021].

Investigation III: Measurements during a patient treatment. The tracking system was posi-
tioned at 30° from the beam axis, as in Investigation I. All technical issues concerning the used
of the tracking system during the patient treatment were resolved.

Within the £3-mm central region, the precision of 0.85 mm - 3.69 mm, and the accuracy
of 1.09 mm - 2.87 mm, were found. Within the £10 mm central region, the precision of
0.90 mm - 4.31 mm, and the accuracy of 1.06 mm - 3.59 mm, were found.

The shallow tumor site impeded the evaluation of precision and accuracy of low beam
energies of the treatment plan.

Overall, the found performance of the new method presented in the investigations of this thesis
are in line with the clinically acceptable uncertainties of £1 mm for the majority of the lateral
pencil beam positions for synchrotron-based HIT facility [Jadkel et al, 2001].
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Chapter 6

Conclusions

Radiation therapy with ions enables an enhanced conformality of the physical dose dis-
tribution to the tumor volume compared to photon radiotherapy. The narrow carbon
ions used to decrease the lateral penumbra lead to an increased sensitivity of the dose
distribution to fluctuations of the lateral pencil beam positions. This can appear due to
the very sensitive beam delivery caused by the required fine-tuning of multiple beam
line elements for synchrotrons. Moreover, the limited precision of the position-measur-
ing devices in the beam nozzle is enlarged by the extrapolation of pencil beam positions
to the room isocenter, which is larger in synchrotron-based facilities compared to those
with cyclotrons. These fluctuations could impair the beam positions at the isocenter af-
fecting the quality of the desired dose distribution. In the frame of adaptive radiother-
apy, the beam position measurements are also of great interest, since QA measurements
to verify adapted treatment plans are time-consuming. Therefore, new techniques inde-
pendent of the existing beam monitoring systems are desired to monitor the lateral po-
sitions of carbon-ion pencil beams at the room isocenter during treatment deliveries.

The proposed methodology and investigated is an independent strategy to monitor the
lateral beam positions at the isocenter. It is based on the detection and tracking of
charged nuclear fragments leaving the patient, in order to evaluated the differences be-
tween the measured and the reference pencil beam positions in terms of precision, ac-
curacy and effectivity.

In this thesis, a mini-tracker composed of two Timepix3 detectors was used to track the
secondary ions. Experiments were designed to mimic realistic situations using a, an-
thropomorphic head phantom. Moreover, a worst-case scenario was also investigated.
For this, treatment plans with realistic tumor volumes, typical clinical fraction doses and
dose rates were used. The methodology was also tested in a clinical real patient treat-
ment delivery for the first time at the HIT facility in Heidelberg, Germany.
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6. Conclusions

The obtained results show that the tracking system positioned at 0° provides superior
values of precision and accuracy compared to the position at 30° relative from the beam
axis. Moreover, the first clinical application of the presented monitoring methodology
was carried out. The performance of the developed methodology was found to be in
line with the clinical uncertainties of +1 mm for lateral pencil beam positions accepted
at the synchrotron-based HIT facility. Moreover, this methodology has the potential of
being included in the QA procedure as a complementary and independent verification
of the lateral pencil beam positions during the treatment delivery. Further investigations
to improve both precision and accuracy values for the lowest beam energies can be per-
formed with tracking systems with larger detection areas and an optimized back-pro-
jection plane for each beam energy layer separately.

Overall, clinically relevant results have been demonstrated for the non-invasive meth-
odology proposed in this thesis to monitor the lateral beam positions in carbon-ion treat-
ment deliveries. It is ready to be further investigated on a wide range of target positions,
sizes and doses within a future clinical study. The ethical burden of such a study is par-
ticularly low, since the method uses a by-product radiation of the treatment and does
not interfere with the clinical devices. An evaluation of this methodology on a larger
patient group in a clinical trial is thus the next step in the near future, as well as the
upgrade of the system towards an online monitoring.
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