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Introduction

State-of-the-art radiation therapy is represented by one customized
treatment plan that delivers the prescribed radiation dose to the target region,
trying to minimize the radiation impact on the healthy tissue surrounding the
target volume [1]. By using different types of particles (x-rays, electrons,
protons, ions) to achieve the therapeutical window, multiple instrumentations
and technologies are needed to ensure the accuracy of these long-term
treatments [2-5]. The recent discoveries regarding the radiobiological concepts of
electrons reflected into the FLASH effect or the superior properties of protons in
the matter of dose deposition into the irradiated volume offer a new direction
for the latest generation of detectors suitable for dose characterization in these
conditions [6-9]. Scattered radiation resulting after the primary beam's
interaction with matter in previously mentioned techniques should be explored
to expand the knowledge of particle therapy [10-12. For that reason, a new
generation of detectors with a pixeled matrix of a semiconductor component
resulted within the Medipix collaboration in the CERN laboratories, offer a
multifunctional design for Timepix (TPX) detectors capable of doing dosimetric
analyses in the medical field and not only [13-15].

Thesis objectives

Merging the benefits of this new generation of Timepix detectors with
artificial intelligence (AI) and machine learning algorithms used in particle
identification, the thesis aim is to combine the medical physics knowledge
applied in particle therapy with the novelty in detection and dosimetric
characterization. For that reason, measurements of dose rates (DR) or particle
fluxes, or even complex parameters like linear energy transfer (LET) in electron

therapy using high dose rates and in proton therapy with metallic dental



implants in anthropomorphic head phantom are the main topics related to the
thesis subject. The research is divided into two parts:

1st. Customized MiniPIX TPX3 (Timepix3) detectors were used in

ultra-high dose rate (UHDR) electron beams to measure primary and stray

radiation at various positions relative to the incident beam center [16].

2nd. MiniPIX Timepix3 detectors placed behind different phantoms

(anthropomorphic head phantom, Plexiglas phantoms) were used to

characterize the scattered radiation produced by a proton beam when

metallic inserts were inserted in the irradiation field [17], [18].

Exploration of dosimetry parameters for the out-of-field radiation
presented in both parts of this thesis represents some valuable knowledge
regarding electron and proton therapy that could be transferred to the clinical
workflow. We aim to provide a quantification of energy deposition in a clinical
electron beam described by a UHDR to test the feasibility of TPX detectors and
their potential use in beam commissioning of new FLASH technology. We
evaluated the impact of two titanium (Ti) implants like those used in molar

replacements over a head and neck cancer (HNC) case.



1. Particle therapy

One of the essential aspects of radiotherapy, regardless of the particle's
type, is the dose deposition. At the same time, all uncertainties that affect its
delivery directly to the tumor could determine unpredictable results [19]. It is
already known that the proton interaction with matter differs entirely from that
produced by an electron beam passing through matter [20]. Healthy tissue
exposure to incident radiation is unavoidable, so the toxicity levels developed in
normal cells are monitored and reported constantly. This kind of radiation is
known as out-of-field radiation. The primary beam interacts with the malignant
cells and produces secondary particles that can travel across the irradiated body,
inducing toxicity [21], [22]. Using innovative detection techniques capable of
particle identification, biological and physical implications of particles could
determine improved clinical outcomes [23], [24].

To correlate the outcomes of particle therapy with the well-known results
obtained with photon-based treatments, a new concept was introduced: relative
biological effectiveness (RBE). The concept behind RBE is a correlation between
factors such as particle type, beam quality, irradiation geometry, tumor cell
response over irradiation, and so on. Particles' ionization density also influences
the RBE, so direct linear energy transfer (LET) measurements could predict the

impact of this kind of density on the biological response [25].

1.1. Principle of electron radiotherapy

Electron therapy is considered one of the primaries of radiotherapy
treatments and has a versatile portfolio for superficial lesions [26]. Modern
trends in radiotherapy have shown the possibility of improved tissue response
to electron beams if the same amount of dose is delivered significantly faster,

using DRs higher than 40 Gy/s [13], [17]. The advantages of this kind of



irradiation are represented by the relationship observed in normal tissue
regeneration versus hypoxic levels of tumor cells. Dose deposition across
irradiated matter for an electron beam is described by a superficial curve where
the negatively charged particles release their energy at the beginning, followed
by a fast drop-off [28]. Known as the percentage depth dose (PDD), Figure 1.1
resumes the characteristic dose deposition (%) of different particles (photons,
electrons, and protons) once they pass through water (cm). A 6 MV photon and a
12 MeV electron beam release their maximum doses immediately after crossing
the interface between two mediums. Compared to electrons, photons could
travel continuously through the medium, depositing doses up to 30 cm. On the
other side, as Figure 1.1 shows, the reason for choosing an electron-based
treatment for skin lesions or other superficial tumors is their short travel in

water of approximately 6 cm.

100

Protons
(170 MeV)

60

Relative Dose [%]

50

40

30 T T T T T T T T T T T
0 5 10 15 20 25 30
Depth [cm]

Figure 1.1 . Comparative relative dose deposition of three different beams (electrons — in green;

photons — in yellow; protons — in blue) passing through water

4



This behavior results from charged particle interactions with atoms in the
irradiated volume. Unlike uncharged particles like photons, electrons and
protons cause direct ionization. The electron beam mainly releases energy by
colliding with other electrons and the atom's nucleus. Incident electrons will
produce a cascade of ionization and excitation due to the numerous scatterings

suffered at the beginning of their path into the matter [29].

1.2. Principle of proton radiotherapy

There are specific pathologies in which proton therapy has superior
benefits in cancer management. Two examples in this direction are represented
by head and neck cancer (HNC) and pediatric oncology patients [30-32].

The accelerated protons penetrate the irradiated volume with minimal
energy release until they reach a Bragg peak (BP), where all protons release their
entire energy, and no dose is reported after that [33]. Compared to previous
therapies based on electrons and photons, these particles are attenuated when
crossing the medium, resulting in significant dose deposition over the entire
irradiated volume. Conversely, the situation is entirely different in proton
therapy compared to the electron or photon-based treatments, when particles are
stopped at their end range, and a minimal exit dose is reported [34]. The proton
path is described by a linear path at the beginning and starts to be slowed down
by the interactions with other particles from the irradiated medium. The
maximum energy is released as the BP shown in Figure 1.1Error! Reference

source not found. [25].



2. Timepix detectors: design and functionality

2.1 Timepix detectors
A new generation of radiation detectors is developed based on a novel

design in the Medipix collaboration, one of the CERN laboratories. Particle
detectors combining a read-out chip with a semiconductor component represent
the hybrid pixeled detectors capable of imaging, detecting, and counting events
that impressed the sensor's surface [13]. Blending the technology used in high
energy physics and photon counting methodology, the resulting detector proved
efficient in multiple applications like space dosimetry, particle tracking, colorful
CT images, and even radiotherapy [9], [35-37]. With a high granularity level due
to the total number of pixels, the Timepix detector possesses an active area of 14
x 14 mm? [35], [38]. The main benefits of these pixeled detectors are represented
by [35], [38-41]:

e noiseless detection

e spectral-tracking analysis

e wide per-pixel range of counting and energy levels

e quantum-imaging sensitivity

e photon-counting camera

e room-temperature stability

e miniaturized readout electronics

e online visualization of single particle track

According to Figure 2.1 a, a semiconductor sensor of variable thickness is

usually made from different materials is bump bonded to the Timepix read-out

chip [35], [42].
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Figure 2.1 a) One-pixel representation from the Timepix chip. A thin aluminium layer covers
the semiconductor sensor of variable thicknesses, while a bump solder sticks the sensor to the
surface of the read-out component. Each pixel from the square matrix of 256 pixels (total
number of pixels: 65536) is described by a pitch of 55 um b) MiniPIX Timepix3 detector with a
total length of 77 mm and only 21 mm width with a direct USB-type connection to supported
devices. Adapted from: [9], [40].

Once a particle crosses the sensitive volume of the Timepix, the deposited
energy of the particle is distributed over many pixels, forming a cluster [35]. For
a precise evaluation of deposited energy produced by incident particles on the
sensor's level, the charged sharing effect between pixels and the distance needed
for charge collecting should consider the bias level [43], [44].

Data processed in this thesis was measured with various generations of
Timepix detectors operated and readout with the miniaturized and room-
temperature MiniPIX electronics produced by ADVACAM (Prague, Czech

Republic) [45]. Figure 2.1 b is displaying a MiniPIX Timepix3 detector.

2.2 Data acquisition and processing
Timepix detectors are known for their hybrid design, including
semiconductor materials and read-out electronics to collect real-time data.
Designed with digital counters, amplifiers, and amplitude discriminators in the

read-out electronics of the ASIC chip dedicated to the Timepix detectors, the
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signal originating from each pixel could be operated in various modalities, as
follows [46], [47]:

e Event counting

e Time over threshold (ToT) or energy mode

e Time of arrival (ToA) or time mode

e Masked

Deposited energy determination in Timepix detectors results from direct

charge measurement in each pixel. During the particle interactions with the
sensor, some of the pixels will be excited during the energy transfer, and this
fingerprint path created at the sensor's level is known as a cluster [35]. Going
further with data processing, visual reconstruction, spectrometric analyses, and
particle tracking through the sensor thicknesses are needed to characterize the
radiation field comprehensively. To evaluate a cluster track, by morphological
and spectral perspectives, some parameters are required for further steps of
processing [35]:

e cluster area

e deposited energy (E)

e roundness

e length (L)

With specific morphologies described by multiple combinations of

parameters mentioned above, each particle could be identified and described

using this class of detectors with high resolution in particle identification.

2.3 Spectral-sensitive particle tracking

2.3.1 Pattern recognition of single particle tracks
Based on individual tracks, groups of particles are identified, and their
qualitative, combined with quantitative evaluation, gives information regarding

the radiation field composition [15], [35]. Figure 2.2 shows the differences
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between cluster morphologies registered on a Si sensor of a Timepix3 detector
with 500 um sensor thickness. The measurement was done in an out-of-field
region using an incident proton beam. Presented in two-dimensional (2D), the
clusters symbolize the deposited energy created on the pixeled matrix's surface
by four particles: electrons, ions, protons, and photons. The particles could be
easily discriminated based on their roundness level and released energy on the

sensor's surface.
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Figure 2.2 Particle tracking in a Timepix3 detector with a Si sensor of 500 yum thickness —
selected region of the sensor surface. A 2D representation of the deposited energy of four
particle types: electrons, ions, protons, and photons, measured in a mixed radiation field

produced by an incident proton beam. Different patterns are created by the incident particle

based on their class on a selected region of the detector (2.31 x 2.31 mm?)



2.3.2 Artificial intelligence — neural network algorithms

Combining morphological aspects with the spectrometric properties of
each cluster is one of the main concepts of the DPE (Data Processing Engine)
platform developed by ADVACAM [48]. Artificial intelligence, based on
machine learning algorithms, are trained models to recognize patterns in
radiation field decomposition by particle identification [15], [17], [48]. Integrated
Python scripts from the DPE software are used to fully process data by applying
per-pixel correction and calibration files, clustering, particle identification, and
physical properties calculations.

Particle classification and radiation field recognition are essential analyses
done during data processing. Using an Al interface, a neural network (NN)
infrastructure was trained in a well-known radiation field to discriminate
particle types [48]. Thus, raw data was decomposed properly by merging the
morphological and spectral concepts of events with the machine learning
algorithms imposed in the NN concept [15], [35].

The statistical accuracy of AI NN algorithms used during processing,
resulted into identifying three classes of particles:

e protons
e electrons & photons
e ions (referring generally to high-energy protons, fast and thermal

neutrons)
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3. Characterization of primary and secondary radiation produced

by FLASH electron beams

3.1 FLASH therapy. Current limitations and challenges

Some aspects regarding the dosimetry of FLASH radiotherapy should be
considered when a radiation detector is proposed for dosimetric measurements
in FLASH-like beams [49]:

e dose rate dependency

e spatial resolution

e time response

This study proposes prototypes of the MiniPIX Timepix3 detectors for
dose-rate and particle fluxes evaluation in electron beams to fill the gaps
between existing literature and technical transfer to the clinical domain. This
research aims to evaluate the feasibility of the customized Timepix3 detectors in
conditions imposed by the ultra-high dose rates of electron beams. For that
reason, multiple configurations of sensors were used to quantify the physical
parameters like radiation signal, dose rates, and particle fluxes relative to the
time of arrival for primary and scattered radiation resulting from an accelerated

electron beam in a microtone unit [16].

3.2 Material and methods

3.2.1. MiniPIX Timepix3 detectors: rigid, flex, and bare configurations
Multiple customized versions of the MiniPIX Timepix3 detectors were
proposed for this experiment. With various MiniPIX Timepix3 detectors,
measurements were taken in the primary electron beam, followed by some
measurements in scattered radiation at different lateral distances. In the

proposed version of the Flex TPX3, the metallic inserts have been removed and
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replaced with carbon or plastic-related materials. With a detachment cable of 5
cm, the sensitive component of the TPX3 is moved from the read-out electronics
part to minimize any internal scattering, increasing the internal shielding level
of the detector itself [16]. An extruded graphite support was used as a mounting

system for the TPX3 sensor assembly [16].

3.2.2. Detectors operations and read-out data

Conducting experiments with higher dose rates, the detector's operations
should be adapted to the incident radiation characteristics. Using a TPX3
detector, both energy and time could be simultaneously measured by both
channels from each pixel design. The incident particle fluxes are proportional to
the dose rates used during the irradiation. For that, in UHDR beams, the number
of particles that reach the detectors could exceed 10° particles-cm s [16], [50].
According to the operational design, the read-out data should be delivered as
frames if the conditions of higher particle fluxes are used during the experiment

[16].

3.3 Results
a) Measurements in primary electron beam — Bare MiniPIX Timepix3 flex

The flexible version of the TPX3 without a sensor was tested by placing it
directly in a primary electron beam of 19.2 MeV operated in UHDR pulses. The
bare detector was inserted inside the bunker before the electron beam and tested
in DR up to 2000 nA (~ 80 Gy/s). The responses of both channels possessed by
the ASIC chip for the bare TPX3 in flexible design were measured in a wide
range of DR. With two separate channels, one for charge measurements and one
for events counting, results highlight the superior sensitivity of the channel

dedicated to the charge measurements [50], [51]. With these results, the bare
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detector controlled in a positive setting could be successfully used in UHDR
electron beams to quantify radiation signals and events.

The detailed response of the bare detector in the primary electron beam
operated in UHDR pulses at different intensities is presented in Figure 3.1. Two
irradiations in the same setup were planned considering the positive and
negative voltage applied to the ASIC chip. Represented in black, the negative
configuration of the motherboard exhibits a linear trend for both radiation signal
and detected events for DR up to 500 nA (~ 20 Gy/s). Increasing the DR of the
pulsed electron beam to more than 1250 nA to reach the FLASH conditions, the
negative configuration of the ASIC chip got saturated. When the negative
settings are used, the number of events in DR, more than 103 nA, gets saturated,

and no more than 107 events are reported.
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Figure 3.1. Sum of a) radiation signal and b) events measured with TPX3 in flex design
without sensor, placed in primary electron beam collimated, operated at different intensities
from the UHDR region collected in 60 s from the entire matrix of pixels (k=1). The motherboard
of the TPX3 flex detector was controlled in both configurations: negative (black) and positive
(red)

Using beam intensities up to 1750 nA (~ 70 Gy/s) confirmed the reliability
of the TPX3 in the proposed configuration, making them a proper option as

detection devices for FLASH-like electron beams.
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b) Measurements in scattered electron beam — MiniPIX Timepix3 rigid

One TPX3 in rigid design with a Si sensor of 500 um was used to monitor
the particle fluxes and DR of scattered radiation generated by an electron beam
with a nominal 23 MeV energy. A 1 cm PMMA plate was inserted into the
irradiation bunker, perpendicular to the electron beam direction to filter out low
energy particles. The detector was placed behind the PMMA plate at 10 cm
distance laterally from the beam core. Variation of incident electron beam
starting from 100 nA (4 Gy/s) and achieving up to 1000 nA (40 Gy/s) was

delivered into the irradiation setup[16].
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Figure 3.2 Particle fluxes (a) and dose rates (b) measured with a TPX3 rigid detector with a Si
sensor of 500 um produced by one 23 MeV electron beam operated at three different intensities
from the UHDR spectrum ( ~ 100, 500, and 1000 nA). The detector was mounted behind 1 cm

of PMMA plate perpendicular to the beam direction at 10 cm lateral distance [16].

As presented in Figure 3.2, the lateral radiations produced by the electron
beam at three intensities were compared in particle fluxes and dose rates. The
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background was subtracted from the data during the processing to quantify the

scattered radiation produced only by the pulses. A linear response was obtained

for particle fluxes for all beam intensities.

The TPX3 rigid detector was set to measure the same variables of

scattered radiation but in a low-intensity beam, approx. 50 nA. 8 cm of PMMA

plate was introduced to increase the spreading of the incident electron beam

(significant decrease in energetic levels of scattered particles). The MiniPIX TPX3

detector with the 500 um Si sensor was mounted at six different distances from

the beam center: 6, 7, 8, 11, 14, and 16 cm. Figure 3.3 shows the particle fluxes (a)

and DR (B) for scattered radiation for all six distances. Once the distance

between the detector and the center core of the primary beam is increased,

particle fluxes and DR of the scattered radiation decrease [16].
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Figure 3.3 Average values for particle fluxes (a) and dose rates (b) produced by a 23 MeV
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high-energy components. The detector was moved laterally to the beam direction at six different

positions: 6, 7, 8, 11, 14, and 16 cm from the beam center. The averaged data (k=1) presented

was collected in 10 s. Adapted from: [16]

c¢) Measurements in scattered electron beam — MiniPIX Timepix3 Flex

The flexible version of the MiniPIX Timepix3 detector was exploited to

facilitate the measurements in UHDR beams. Once the FLASH therapy uses

15




highly energetic particles delivered in a pulse-based modality, the TPX3 Flex
detectors proved themselves suitable as measuring devices in conditions
imposed by UHDR beams. Therefore, two flexible detectors with a 100 and 500
um Si sensor were inserted 10 cm lateral to the beam core to monitor the
radiation produced by the Microtron at different DRs behind 1 cm of PMMA
plate. To ensure the reliability of the TPX3 Flex in UHDR beams delivered in
pulse sequences, the DR of the incident electron beam was constantly increased
to cover a wide range of particle densities, from low DR (2 Gy/s) up to FLASH
DR (40 Gy/s).
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Figure 3.4 The integrated energy of scattered radiation deposited by all events in 0.5 ms at
different primary electron beam dose rates measured with a TPX3 Flex with 100 um Si sensor.
The detector was placed 10 cm lateral to the beam's core behind the 1 cm PMMA block. Five

DRs of 2, 10, 20, 30, and 40 Gy/s delivered electron pulses into the system.
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The linearity of the detector's response regarding the DR increase is
highlighted by Pearson's R-value of 0.99231, as Figure 3.4 presents. The detector
remained functional throughout the entire irradiation, detecting approximately
4 - 107 keV of deposited energy by all events registered by the sensor at 40 Gy/s

in the primary beam.

3.4 Discussion and conclusions

A prototype of the TPX3 detector was proposed as a radiation camera
suitable for measuring UHDR beams like those used in FLASH therapy. Mixed
tests were conducted during this study to evaluate the feasibility of both
detectors, flexible and rigid design, in high intensities of an electron beam in
primary and scattered radiation measurements.

Using electron beams delivered in pulses with UHDR, the TPX3 detector,
known as the bare detector without any semiconductor component, was
successfully tested for in-field measurements.

Visualization of integrated energy deposition of all events measured in
DR up to 40 Gy/s of the flexible version of the TPX3 with two different
thicknesses emphasizes the dependency of measured data on the sensor’s
volume.

Furthermore, the TPX3 could successfully measure the scattered radiation
in UHDR starting from 6 cm lateral to the beam’s center.

The proposed methods of beam characterization in UHDR for electron-
based radiotherapy using clinically equivalent energies summarize the statistical

impact of the DR and the feasibility of the TPX3 detector in FLASH therapy [16].
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4. Particle tracking, identification, and LET measurements for

scattered radiation in proton therapy with metallic implants

4.1 Management of metallic inserts in head and neck cancer patients

Proton therapy is considered one of the most viable options for head and
neck cancer (HNC) patients due to the proton’s dose deposition characteristics.
The abrupt fall-off of the delivered dose close to the tumor edge offers a superior
dose conformality and a drastic dose reduction to the organs at risk [28], [31],
[52], [53].

This chapter presents a characterization of scattered radiation with
particle decomposition based on their morphological and spectral properties. It
is combined with LET calculations for an HNC case treated with proton therapy
when metallic inserts are present in the irradiation field. An anthropomorphic
head phantom with two Ti implants placed in the center of the target volumes
was used for that. Using a CT scan of the phantom, a proton-based treatment
plan was configured in the in-house developed TPS for two irradiations but with
different methodologies. One method implies the incorporation of the metallic
inserts into the mandibular region, and the other to replace the metallic ones
with tissue equivalent (TE) inserts [17].

Scattered radiation dissemination was done with a MiniPIX Timepix3
placed beyond the SOBP. By means, the evaluation consists of particle
discrimination and their contribution to the LET spectra in both irradiations.
Performing single particle tracking and collecting spectral fingerprints of the
secondary and subsequent generation of particles, the overall impact of the
metallic implants into a proton treatment for a head and neck case is highlighted

[17].
18



4.2 Materials and methods

An anthropomorphic head phantom with densities equivalent to the
human head was used to create a proton plan when two dental implants were
inserted into the setup. The methodology proposed in this study involves two
irradiation scenarios using the same experimental setup: one with metallic
inserts implanted into the phantom and the other with tissue-equivalent (TE)
plastic inserts. One planning target volume (PTV) was contoured on CT images
of the phantom, with the Ti implants centered inside the irradiation volume. A
3D conformal plan was created by inserting one perpendicular 170 MeV proton
beam (irradiation angle: 90°). During the measurements, the delivered dose
obtained during the plan optimization was not prioritized, meaning that the
plan was used only for conformational reasons during both exposures, with Ti
implants and TE inserts, respectively.

With characteristic design, one TPX3 rigid pixeled detector with a Si
sensor was mounted near the anthropomorphic head phantom to analyze the
impact of those two inhomogeneities in a proton-based plan for a head and neck

case [9].

4.3 Results
Particle recognition in mixed radiation field using AI NN model

The complex field of radiation was analyzed using artificial intelligence
(AI) neural network (NN) models developed to resolve the complexity of this
kind of radiation. Three groups of particles were generated: protons, electrons
with photons, and ions with fast neutrons [17], [48]. Results of these NN models
from the Data Processing Engine (DPE) are presented in Figure 4.1 for both
cases, with metallic inserts in the first column and tissue equivalent inserts in
the second column. As displayed in Figure 4.1 a, the spectral deposition of 200
particles from the stray radiation was deconvoluted using the AI NN algorithm.
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Figure 4.1 Particle decomposition based on morphological and spectral properties of each
cluster. The mixed radiation decomposition for measurements done with Ti implants (first
column) and tissue equivalent materials (second column) produced behind SOBP. The entire
matrix of pixels is represented for the TP X3 with Si sensor. a) 200 particles were filtered and

decomposed as follows: b) protons, c) electrons with photons, and d) ions, [17]

The electrons and photons for both sensor positions represent the most
predominant group in the stray radiation. Placing the TE inserts in the phantom
creates more light-energy particles, more than 10% difference in their
contribution to the total scattered radiation, than when Ti inserts were present.
The situation is different when Ti implants are inserted in the head phantom. Up
to 45% more protons were detected in the perpendicular position of the Si sensor
regarding the incident beam direction, facing a reduction to 32% when the
metallic inserts were removed and changed with the TE inserts. Placing metallic
implants into the irradiation field is emphasized by the proton’s contribution to
the mixed field of radiation because of the primary proton’s interaction with this
kind of high-density materials. Detecting ions and fast neutrons is low in the
proposed setup, reporting values above 2% in the perpendicular position and
below 1% when the sensor is at 60°. There are some limitations in the Si sensor
of the TPX3 regarding the neutron’s detection, and dedicated converters must be
attached to the sensor level to detect this type of particle.

LET spectra of stray radiation

By analyzing the LET spectra of resulting particles produced behind the
SOBP, closed to the head phantom with metallic and tissue equivalent inserts,
the impact of such inserts on proton treatment for a head and neck case can be
evaluated.

The proposed methodology describes the LET spectra of scattered
radiation distal to the SOBP for AI NN decomposed radiation field as presented

in the previous sections. The LET(water) measurements were derived from the
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corresponding LET(Si) calculation values. Figure 4.2 resumes the LET(water)
spectra for 35k particles from the mixed field of radiation detected with a TPX3
with a Si sensor positioned perpendicular, at 0° (red) and 60° (blue) relative to
the incident proton beam. Increasing the detector's field of view could enhance
the discrimination power [35], [43]. Normalization was applied to the data
presented to correlate the number of events for each setup. The maximum
number of counts was determined for both dental inserts and divided according
to their maximum value. The solid line represents the LET values of the
measurements performed with Ti implants, while the translucent line was
chosen to represent the data sets collected with the TE inserts. The three groups
of particles were separated from the mixed radiation field in both scenarios, and
their LET corresponding spectra are shown separately: proton (Figure 4.2 b),
electrons with photons (Figure 4.2 c), and ions (Figure 4.2 d) [17].

Scattered electrons and photons were the predominant particle type with
LET below 1 keV/um for the perpendicular position of the Si sensor and below
1.5 keV/um for the angular, as Figure 4.2 ¢ shows. The counts reported in both
setups exhibit the same trend regardless of Ti or TE inserts' presence in the
target volume [17].

Following the LET values, the AI NN algorithms recognized the protons
as part of the mixed field of radiation with a large spectrum of LET, starting
from 0.5 keV/um and reaching values up to 7.5 keV/um. As described by a wide
broad of values, most of the protons detected by the TPX3 sensor deposited their
energy per length unit around 1.5 keV/um when the sensor was oriented at 0°.
For the same position of the sensor, by placing the metallic inserts in the center
of the PTV, more protons with low LET are formed inside the scattered

radiation, as presented by the red solid line in Figure 4.2 b.
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Figure 4.2 The LET in water (LET water) spectra of 35k particles from the stray radiation
produced by the incident proton beam when crossing the head phantom with two types of dental
implants: Ti implants (bold line) and tissue equivalent (translucent line) for two angular
positions of the TPX3 detector with Si sensor 0° (in red) and 60° (in blue). LET spectra in
water for the decomposition done by the AI NN algorithms: b) protons, c) electrons and

photons, and d) ions [17]

The spectral information collected in both cases exhibits the same trend
and shape regardless of titanium presence in the target volume by measuring the
LET derived in water with multiple angular positions. Without any shifts
reported in the maximum values of the LET in water, no proof indicates the
impact of the metallic inserts in this setup over the energy deposition at the

sensor level [17].
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Particular attention is needed for energetic proton interactions around the
Bragg peak. This category of protons is involved in nuclear interaction and
inelastic collisions when the maximum energy deposition at their end path
through matter is reached. Interacting with densities from the anthropomorphic
head phantom when no metals were placed inside the target volume, incident
protons create secondary electrons and prompt photons [33], [54], [55].

The ions represent the last category of particles identified by the AI NN
algorithms in the out-of-field radiation. These particles are the nuclear results of
nuclear interaction between Ti implants and incident protons in the Bragg peak
[33]. With LET(water) values starting from 2 up to 6.3 keV/um for both Si sensor
orientations, there is no connection between Ti inserts and induced enhancement
of these high inhomogeneities regarding ion’s influence over the proton
treatment proposed in this experimental setup [17].

Directional maps and spectral tracking of scattered protons

This study focuses on the impact of high-LET particles from the out-of-
field radiation that could affect healthy tissue. For this reason, special attention
is given to the scattered protons, whose contribution to the LET is described by a
wide range of values as previously described. Individual classification of these
protons was done by combining the spectral and morphological aspects with the
directional information into two classes: low and high-energy protons. Based on
each pixel's spectral sensitivity and tracking response, directional maps of both
categories of protons were created with Ti inserts and plastic ones and presented
in Figure 4.3 [17], [41].

The directional maps highlighted patterns and distinctions regarding
measurements performed with dental implants versus those with TE inserts.
Different distributions with specific patterns in lateral spread and relative yield,
both horizontal and vertical, could be correlated with the presence of metallic

implants [17].
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Figure 4.3 Directional maps of scattered low-energy protons (left) and high-energy protons
(right) decomposed from the mixed field. These maps were created from the angular position of
the Si sensor of the TPX3 at 60° relative to the beam incident, placed behind the
anthropomorphic head phantom with Ti implants (first row) and tissue equivalents inserts

(second row), respectively [17].

4.4Discussion and conclusions

The presented methodology during this experiment summarizes the

impact of two Ti implants in proton therapy for a head and neck case by using
an anthropomorphic head phantom.
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Similar to a clinical case of HNC treatment, the proposed experiment
offers a detailed analysis of LET calculations into one field proton treatment
plan by performing decomposition of the out-of-field radiation. The
discrimination and particle identification were possible using artificial
intelligence combined with neural networks trained to recognize individual
tracks through the sensor thickness. Some contrasts were reported in the
decomposition of the scattered protons and light particles like electrons and
photons. For two angular positions of the Si sensor relative to the direction of
the incident beam, three groups of particles were identified using AI NN
algorithms: protons, electrons combined with photons, and ions.

Measuring the deposited energy through the sensor’s thickness, scattered
protons illustrated the widest spectrum of LET(water) from 0.5 up to 8 keV/um,
being the main class of particles responsible for dose deposition behind the
SOBP.

By doing this extended characterization of the out-of-field radiation distal
of the SOBP, TPX3 has shown capabilities for clinical applications in proton
treatments. To resolve more uncertainties correlated to possible secondary
cancer induction and high levels of LET, artificial intelligence and machine

learning algorithms should be integrated into precise dose calculation [17].
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5. Dosimetric impact of Titanium (Ti) implants in proton

therapy

5.1 Impact of titanium inserts in proton therapy

This analysis provides a dosimetric characterization of stray radiation
generated by incident protons as they pass through two titanium implants
positioned alongside of the Bragg curve. To achieve this, high-resolution sensors
with a pixel matrix were integrated into the irradiation setup to measure the LET
spectra of scattered radiation. Two MiniPIX Timepix3 detectors with Si sensors
were used to evaluate and visualize the scattered particles behind Ti implants.
Dedicated particle identification algorithms were applied to decompose the
mixed radiation field into three groups of particles: i) protons, ii) electrons and
photons, and iii) ions with fast neutrons. Dose rate, particle fluxes, and LET
measurements were examined to evaluate the impact of Ti implants in proton

therapy and a polymethyl methacrylate (PMMA) phantom [18].

5.2Material and methods

Two dental Ti implants were fixed at the edge of one PMMA phantom,
with a 140 mm water equivalent thickness, in the sub-peak region of an incident
proton beam with an energy of 170 MeV.

The out-of-field radiation was monitored during the experiment by two
miniaturized radiation cameras, MiniPIX Timepix3 with Si sensor with 300 and
500 pum thickness. Placed at 11 cm, with an angular position (45°) compared to
the direction of the primary proton bream, both detectors were placed behind
the PMMA phantom with the Ti implants. The measurements were done
simultaneously, meaning that the TPX3 with 500 um Si sensor monitored the

radiation produced behind Ti implants, while the TPX3 detector with 300 um
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sensor, measured the contribution of the stray radiation without any metallic
inhomogeneity in the beam’s path.

The experimental results presented in this study correspond only to those
events reported from the area chosen, 4.5 x 14.08 mm?, without any material
placed on the sensor level. Taking advantage of the structural design of the TPX3
detection camera, the time of arrival and energy of single particle event were
collected simultaneously [50].

TPX3 detectors are not dosimeters, meaning that the absorbed dose cannot
be directly measured with this miniaturized radiation camera. Instead, TPX3
records the energy deposition of each incident particle striking the sensor,

allowing the dose to be calculated from spectral acquisition. [18].

5.3 Results
Particle identification and classification

Primary and secondary particles created alongside the Bragg curve were
decomposed into three classes: i) protons, ii) electrons and photons (both
contributions from X-rays and low-energy gamma rays), and iii) ions (high-
energy transfer particles with tracks other than proton-induced events).
Complete decomposition of 3000 events registered by the TPX3 detectors in 8 s
intervals for both setups, with Ti implants and without them, is presented in
Figure 5.1 a. Highlighted as 2D images of deposited energy per pixel, a
comparative analysis of mixed radiation field resulting from incident proton
beam passing through a PMMA phantom with and without metallic inserts were
measured, and quantitative analyses were performed for each setup. As shown
in Figure 5.1 b, protons - representing the predominant contribution, were
spotted in the scattered radiation in both setups, with minimal variations. With a
difference of 66 particles, more protons were detected when the dental implants

were inserted along the Bragg curve, compared to 1607 events marked in the
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other situation [18]. With similar behavior, electrons and photons (see Figure 5.1
c) exhibit minor differences between setups: 1324 events identified by the TPX3
detector oriented towards Ti implants and 1356 without them. Ions represent the
last group of particles recognized by the NN algorithms, Figure 5.1 d. The
situation is entirely different for this category of particles. 37 particles were
detected by the TPX3 detector, whose sensor faces the Ti implants, and only
three particles were registered by the other TPX3 that monitors the scattered
radiation without inhomogeneity inserts.
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Figure 5.1 Representation of the integrated energy deposited by 3000 particles in 8 s. The
decomposition of the mixed field produced by all events (a) behind the PMMA phantom without
Ti implants (left) and with those two high-Z material inserts (right). Three groups of particles

were defined: b) protons, c) electrons with photons and d) ions [18]

Dosimetry analysis: particle fluxes and dose rates evaluation
Particle fluxes and DR were measured in both cases, and the results of

their averaged values over 200 s are presented in Figure 5.2 a and b [18].
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Involving two detectors with different thicknesses, their X-ray detection
efficiency was considered in data processing. Data collected with the 300 um Si
sensor TPX3 detector were adjusted to match the photon detection efficiency of

the TPX3 with a 500 um Si sensor [18], [35].

a) b)
10° T = 5 10° T -
B all particles £ B all particles
@ protons ] ® protons
— A electrons with photons|] : A electrons with photons
F.m 107 3 ions E ions
o 3 R 4=
° 10 - 2 1% 3
Q@ ® 12
) E 19,
= 1024 e 32
2 ] © 1074 & .
E| 19 <
v 1] 4 O =
o 10 )
L b
ﬂ;i 100 i _ 108 3 =
10-1 T T i T T T T
with without with without
Metalic inserts Metalic inserts

Figure 5.2 Particle fluxes (a) and dose rates (b) were measured with a TPX3 detector and a Si
sensor for resolved groups of particles in both setups: with and without dental implants. Data

were averaged over 200 s of continuous irradiation, with statistical deviations (k=1) [18]

Studying the particle fluxes behind Ti implants, the TPX3 detector
registered 550.1 + 40 particles - cm? - s'l. Conversely, the particle fluxes reported
when no metallic inserts were present in the Bragg curve is almost double, with
1004.4 + 38 particles - cm™? - s being counted. Nuclear interactions appeared
because incident proton interactions with the Ti atoms induced a predominant
number of protons in the fluxes of scattered radiation with a contribution of
337.3 £ 22 particles - cm? - s, Reporting a very low level of ions contribution to
the flux of stray radiation highlights the lack of evidence in the current
methodology for this class of particles [18].

Regardless of the presence of Ti implants, protons are the primary

particles responsible for dose deposition alongside the Bragg curve: 5.22 - 107
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Gy/s measured with metallic structure and 6.07 - 107 Gy/s without them. In the
contribution of the electrons and photons to the dose rates, a one-third reduction
in measured values was detected between the setups (0.39 - 107 Gy/s — with Ti
and 1.24 - 107 Gy/s — without Ti). For the third class of particles, generally
named “ions”, placing the high-Z material into the beam’s path produces a DR
of 0.29 - 107 Gy/s, ten times higher than the other case without metallic inserts
when only 0.02 - 107 Gy/s was detected [18].
LET distribution

The directional and spectral fingerprints of each particle cluster were
analyzed, and the LET calculation for all three particle classes is presented in
Figure 5.3. Using TPX3 detectors equipped with Si sensors, the measured LET
spectra along the Bragg Peak created by the incident proton beam with a
nominal energy of 170 MeV were correlated with the sensor thickness specific
tfor each case. The experimental LET measured in Si (LETsi) for the setup with Ti
implants is highlighted in blue, while the other is marked with red. Individual
LETsi spectra for each decomposed group of particles were done [18].

With a spectrum from 0.5 up to 8.5 keV/um, protons are characterized by
a broad LETs: spectrum regardless of the presence of the metallic structures in
the irradiation field (see Figure 5.3. b). Without Ti implants, one distinctive
region could be observed at 1.5 keV/um when more protons with this level of
LETsi were detected. With a maximum value of 0.75 keV/um, scattered protons
presented behind the phantom with Ti implants result for multiple Coulomb
scattering events merged with nonelastic nuclear interactions reported in the
sub-peak region [18], [56]. The lowest LETsi was assigned to the electrons and
photons group, resulting in values up to 2 keV/um for both situations, as Figure
5.3 ¢ shows. Placing the Ti implants into the beam’s path, more electrons and X-
ray particles are attenuated, and their energy transfer is reduced in 1-2 keV/um

intervals. Known as nuclear interaction results from primary protons
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interactions with heavy atoms, more ions were formed with LETsi ranges from 4
up to 6.5 keV/um, as Figure 5.3. presents. These results highlight the
considerable influence over the LET distribution in the presence of metallic
structures. The composition of the scattered radiation is considerably modified,
and increased energy transfer levels show amplified dynamics in ionizing

particle distribution when Ti inserts are included in the beam’s delivery [18].
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Figure 5.3 LET spectra in Si for scattered radiation in both cases: with (blue) and without (red)
implants measured with TPX3 detectors (a). The decomposition of mixed radiation allowed
individual evaluation of LET spectra for all three groups of particles: b) protons, c) electrons

with photons and d) ions [18]
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5.4 Discussion and conclusions

The proposed study presents dosimetric fluctuations recorded in proton
therapy with Ti implants employing high-resolution Timpix3 detectors.
Simulating a clinical environment during the measurements, the decomposition
of the out-of-field was done in two cases, with and without the dental Ti
implants attached to the PMMA phantom. Separately, for three groups of
particles (protons, electrons and photons, ions), a comprehensive analysis of
fluxes, dose rate and LET spectra was generated. Distinctive patterns in mixed
tield composition and their contribution to the scattered radiation dose
deposition alongside the Bragg peak were observed in both situations presented
in this section. Due to the specific interactions between incident protons and the
heavier atoms in metallic inserts, the presence of these structures in the beam’s
path alters the composition of scattered radiation, especially influencing ion
production. More ions were generated with Ti implants, but scattered protons
remained the predominant particles identified during the flux and dose rate
monitoring. Correlating these results underscores the importance of considering
metallic structures in particle therapy treatment planning, ensuring optimal dose

delivery while minimizing risks to healthy tissue [18].
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General conclusions

The findings presented in this thesis highlight the feasibility of TPX3
detectors for characterizing the radiation produced in particle therapy. As
highly suitable radiation detectors for beam monitoring in UHDR conditions,
this category of miniaturized radiation camera demonstrated their applicability
in measuring both primary and scattered FLASH electron radiation up to 16 cm
away from the beam’s core. Moreover, TPX3 detectors successfully registered the
stray radiation beyond the Spread-Out Bragg peak and from the sub-peak region
of the Bragg peak, focusing on particle identification and spectral discrepancies
with and without Ti implants.

In the current methodology, neutron tracks overlap with those created by
protons, necessitating further research on neutron-proton discrimination in out-
of-field radiation characterization. Future improvements in neural network-
based recognition methods, incorporating more complex cluster features such as
deposited energy and derived LET, could enhance particle identification. In this
context, an enhanced overview of higher LET particle's interaction with healthy
tissue and their impact on the dose deposition at this level will provide valuable

insights into the potential risks of secondary cancer induction.
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