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Abstract

Cancer is a leading cause of death worldwide and various treatment options are available to
combat this disease. One commonly used approach is external radiation therapy, which aims
to destroy cancer cells by damaging their DNA through radiation delivery. Proton therapy
(PT), an advanced technique, offers the potential for improved precision in targeting the tumor
volume compared to conventional radiotherapy methods. Recently, it has been shown that
using ultra-high dose rates would less damage the healthy tissues while maintaining the same
tumor control. The characteristic of this new method, also known as FLASH, is to deliver
the prescribed dose in a much shorter time window. In order to administer the dose within a
limited time frame, an additional component must be incorporated. This component is a 3D
patient-specific range modulator that passively degrades proton beam energy in order to perfectly
match the tumor shape. The addition of a new component can create uncertainties due to various
factors. In this master’s thesis, we will study the impact of 3 types of uncertainties on dose
delivery in FLASH-PT: spot size uncertainties, spot position uncertainties, and analysis of air
inclusions when printing the patient-specific range modulator. To achieve this goal, we computed
simulations of beam delivery in OpenTPS (an open-source treatment planning system developed
at UCLouvain). Following the analysis of the results, we observe that some characteristics,
particularly the spot size, are more important to be heeded of but the field still seems to be
promising. However, this study did not cover all the uncertainties that could appear. Further

studies still need to be made in order to validate this technique.

Keywords: Radiation therapy, proton therapy, FLASH, uncertainties, patient-specific
range modulators, IMPT, OpenTPS
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Chapter 1

Introduction

Cancer is a leading cause of death worldwide, accounting for nearly 10 million deaths in 2020
and more than 19 million cases reported (1) (2). Although this disease is becoming increasingly
widespread, it largely remains a mystery and is difficult to treat due to its complexity. Many
innovative treatments have been developed over the last few years to fight cancer but research

is still ongoing to find increasingly effective treatments.

Nowadays, various approaches are implemented in treating this disease, but our focus lies on
external radiation therapy. This kind of therapeutic method involves delivering radiation to the
patient from an external source to eradicate cancer cells by damaging their DNA. While photons
are commonly used in conventional radiotherapy (RT), it has been demonstrated that protons
possess interesting characteristics for cancer treatment. The advantage of protons over photons
is the energy deposition along the pathway. While the energy of photons decreases as they pass
through matter, the main fraction of the protons’ energy is released at a certain depth (which we
call the Bragg Peak) which depends on the speed of the particle (and thus on its initial energy).
Using protons allows to better spare healthy tissues around cancerous ones during treatment

delivery.

To deliver protons, the current gold standard method is performing the Pencil Beam Scanning
(PBS) at various energy layers. Also called Intensity Modulated Proton Therapy (IMPT), this
method consists in painting the target layer by layer, line by line. On each layer, the beam scans
the tumor line by line to cover the entire layer. To change layers in depth, an Energy Selection
System (ESS) is used to deliver protons with a different energy. By having a different energy,
protons will stop at a different depth, which leads to the irradiation of another layer. The process

resumes until the whole tumor is covered.

Recent research has shown promising results for a novel treatment approach known as Ultra-High
Dose Rate (UHDR) radiation therapy, or FLASH. This innovative technique has the potential to
minimize damage to healthy tissues surrounding the cancer while achieving comparable tumor
control to conventional delivery methods. This method exists for various types of external
radiation therapy, such as conventional proton therapy (PT). FLASH therapy involves delivering
the dose in a much shorter time frame. This requires a significantly higher dose rate than

conventional PT. Ongoing research aims to understand the biological mechanisms that contribute



to FLASH therapy’s ability to spare healthy tissues. Research at UCLouvain is being conducted
to assess the potential of FLASH-PT.

The challenge with FLASH therapy lies in the requirement of delivering an extremely high-intensity
dose within a very short timeframe. This limited time window poses a constraint on the energy
selection system to swiftly switch between different configurations, so as to adjust the energy of
the delivered protons. To address this challenge, a novel component called a range modulator,
also known as a hedgehog due to its shape, is incorporated into the treatment machine. This
range modulator is a patient-specific 3D component designed to accurately match the shape of
the tumor. By integrating this component, the depth-wise dose delivery is passively achieved

through the range modulator and is no longer actively performed by the ESS.

The aim of this study is to evaluate the effects of various types of uncertainties on the administration
of the dose using this 3D patient-specific range modulator. To achieve this goal, we tested various

parameters:

e Impact of spot size on dose distribution.

Our objective by evaluating this parameter is to assess whether altering the spot size will
have an impact on the predicted dose distribution in the treatment plan. Spot sizes are
linked to the beam data library (BDL) which contains beam parameters for various energy

settings.

e Impact of spot position on dose distribution.

If the hedgehog is not well positioned, the dose at each point could be degraded differently
from what it should be. Therefore, it is important to evaluate the difference in dose
distribution with a small shift of the hedgehog, and whether this has an impact on the

treatment plan.

e [mpact of air inclusions during 3D printing of the range modulator on dose distribution.

During the 3D printing process, air inclusions can be formed inside the hedgehog, which
can affect the quality of the printed component. When protons pass through air instead
of material, their energy will not be degraded as necessary, which can affect the final dose

delivery.

Based on the results obtained, we will discuss whether the patient’s treatment needs to be

adjusted if the uncertainties significantly alter the initial treatment plan.



Chapter 2
External Radiation Therapy

In this chapter, we will provide an introduction to cancer and discuss one of the commonly
employed treatments, external radiation therapy. Currently, radiotherapy serves as a fundamental
treatment for cancer, but there is ongoing progress in proton therapy due to the unique properties
of protons. We will also provide a brief overview of the proton journey from creation to delivery
and address the uncertainties associated with dose delivery. Towards the end of this chapter, we
will introduce the concept of FLASH delivery method from a biological point of view. We will
illustrate this concept with an example and discuss the challenges associated with implementing

this technique in existing proton therapy facilities.

2.1 Cancer

Cancer arises from the transformation of normal cells into tumor cells via a multi-stage process
that generally progresses from a pre-cancerous lesion to a malignant tumor (I). It is a disease
in which some of the body’s cells grow uncontrollably and spread to other parts of the body,
as shown in Figure (3). This is a clear and simple definition but in reality, a cancer is a
very complex organism much more complex than just a mutated cell that replicates. Currently,
cancers remain enigmatic and their nature is not fully understood, with limited knowledge at

our disposal.

LOSS OF NORMAL GROWTH CONTROL

-— .
NORMAL 9 [ ]

CELL 9
DIVISION Ho—. Cell Sulclde or Apoptosis

Cell Damage—No Repair

CANCER
CELL
DIVISION

First Second Third FourthorLater  Uncontrolled
Mutation Mutation Mutation Mutation Growth

Figure 2.1: Development of a cancer cell (4)

Over time, scientists tried to better understand cancer’s characteristics. In 2000, they created the
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"Hallmarks of cancer" which are characteristics that generally appear during the development

of cancer. Initially, 6 hallmarks were found to characterize cancer, they are shown in Figure

sroliferative
aling

Resisting
cell death

Enabling rep
immaortality

Figure 2.2: Hallmarks of cancer in 2000 (5]

In 2011, they updated the document with 4 new characteristics which resulted in 10 hallmarks

of cancer as in Figure 2.3

Cyclin-dependent
kinase inhibitors
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Telomerase
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Proapoptotic F{esisliing
i i ce
BH3 mimetics P

Tumor-
promoting

instability & : !
mutation inflammation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met
Figure 2.3: Hallmarks of cancer in 2011 (5]
Last year, in 2022, a new version was published with 4 new hallmarks, which shows that our
understanding of cancer is still ongoing. It is difficult to determine the exact number of hallmarks

required to diagnose cancer as not all types of cancer exhibit all the hallmarks.

Various techniques exist to treat cancer (6l), the most common being
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e Surgery: remove the cancer or as much of the cancer as possible.
e Chemotherapy: use drugs to kill cancer cells.

e Radiation therapy: use high-powered energy beams, such as X-rays or protons, to kill
cancer cells. Radiation treatment can come from a machine outside the body (external

beam radiation), or it can be placed inside the body (brachytherapy).
e Immunotherapy: use the body’s immune system to fight the cancer.

The kind of therapy administered to a patient is contingent upon the type and stage of cancer
they are afflicted with.

External radiation therapy, which is the main subject of this paper, can be used to treat primary
cancer or advanced cancer. It can also be used to reduce the size of the tumor and relieve
pain, discomfort, or other symptoms, depending on the type of cancer and how far it has spread

(7). It is often combined with another technique to increase the chance of recovery for the patient.

Various types of radiation are used (8)
e photons: the most used technique (radiotherapy).

e protons: thanks to the physical properties of protons, they have the potential to better
spare the Organ At Risk (OAR) around the tumor. This will be explained in the section

e electrons: currently, beams of electrons cannot travel very far through the body, so their

use is limited to tumors on the skin or near the body surface.

2.2 Radiotherapy

The objective of radiotherapy is to irradiate cancer so as to break the DNA brand in order to stop
cancer replication without harming the patient too much or damaging the surrounding healthy

tissues.

In Figure 2.4 we can see the curve of the tumor control and the curve for the normal tissue
complication. Raising the dosage is good for killing cancer cells but it also affects the healthy
cells around, therefore a balance must be struck to ensure patient safety. The aim is to widen the
gap between the two curves: a maximum level of tumor control and a minimum risk of normal
tissue complications. This optimal window allows for the highest radiation dose to be delivered
to the tumor while minimizing exposure of healthy tissue. The goal is to eradicate the cancer

without inducing secondary malignancies.
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Figure 2.4: Therapeutic window (9]

To allow sufficient time for healthy tissues to recover, dividing the radiation dosage into fractions
is essential. As we can see in Figure 2.5 by breaking up the treatment into fractions, the same
level of cell survival can be achieved with a higher overall dosage than would be possible with
a single, large dose. Healthy tissue possesses a distinct advantage in the form of DNA repair
mechanisms, which are led by the p53 protein, often referred to as the "guardian of the genome".
Cancer cells lack this restorative ability. Thus, when fractioning the dosage, it is necessary to
strike a balance between allowing sufficient time for healthy cells to repair themselves and not

providing an excessive window for cancer cells to proliferate.
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Figure 2.5: Dose fractioning (10)

When healthy cells do not receive adequate time for repair, or when the damage is extensive, the
level of surviving cells decreases, leading to toxicity in the healthy tissues. Figure [2.6] displays
the various toxicity levels, with the primary objective of always keeping the lowest number in

the table below (11I). It is obvious that radiation treatment requires careful control and can have
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severe consequences if not properly administered.

Grade Sign
0 No symptoms
1 Follicular, faint or dull erythema/epilation/dry

desquamation/decreased sweating
2 Tender or bright erythema, patchy moist
desquamation/moderate edema

3 Confluent, moist desquamation other than skin
folds, pitting edema

4 Ulceration, hemorrhage, necrosis

5 Death

Figure 2.6: Toxicity levels for radiation treatment (LIJ)

Typically, in patients undergoing conventional radiotherapy, the skin is the primary organ
impacted as it receives the highest dosage. This is attributed to the way photons deposit energy
when traveling through matter. Depending on the particle type, energy deposition into the travel

material can vary.

As we can see in Figure 2.7] particles release their energy at different moments. Electrons, for
instance, discharge most of their energy at very shallow depths, making them suitable for treating
skin cancer or lesions close to the surface as previously mentioned. Electrons are also preferable
to photons for treating proximal cancer, since their curve decreases rapidly, resulting in lower

doses for organs located beyond the tumor site.

Following the electron curve is the curve for photons, which has its top not very far from the top
of the electron curve. However, the key distinction is that the delivery of photon doses decreases
gradually, which implies that doses remain relatively high even as photons travel through matter.
This characteristic has both benefits and drawbacks: it is advantageous for irradiating tumors
located at any depth, but it also results in the irradiation of many healthy tissues along the
pathway. To reduce the dose on healthy tissues but keep the full dose on the cancer, Intensity
Modulated Radiotherapy (IMRT) is used. IMRT employs multiple angles to deliver the dose,
sculpting the radiation beams so as to conform closely to the cancerous area and spreading the
undesired dose to healthy tissues. The beams are shaped to match the shape of the cancer
and can move through an arc while they deliver the radiation (I2)). IMRT can be very helpful
in areas such as the head and neck, for example, to avoid the spinal cord or salivary glands.
Volumetric Modulated Arc Therapy (VMAT), also known as Rapid Arc, is a new type of IMRT
that is increasingly being utilized. VMAT differs from traditional IMRT in that the radiation
beam is delivered in an arc shape, with the radiotherapy machine rotating around the patient.
As it moves around the body, the machine continuously adjusts the shape and intensity of the
radiation beam (I3). The main advantage of VMAT is a shortened delivery time, which leads to
improved patient comfort and possibly smaller intra-fraction movements (I4]). A comparison of
dose distributions between 3D conventional RT, IMRT and VMAT is shown in Figure 2.8
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Compared to electrons and photons, protons and carbon particles display a significantly different
energy distribution. The Bragg Peak of protons and carbon particles provides a significant
advantage over photons, as the majority of the dose is concentrated at a specific depth (for a
given energy) and drops off almost instantly. As for RT, Intensity Modulated proton therapy
(IMPT) exists for protons. Today, IMPT is the standard way to deliver PT.

1209 electrons (21 MeV)
7 carbon (270 MeV/u)

100 /
X 80
2
S 60—
2
i
73 40 - protons

20
0 T |
0 100 200 300
depth (mm)

Figure 2.7: Energy deposition of various particles into matter (15)

Figure 2.8: Comparison of dose distribution for (a) 3D-CRT, (b) IMRT and (c) VMAT (16
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Figure shows the dosimetric advantage of protons over photons. Less excessive dose is given

to healthy tissues with protons leading to the sparing of most of the OAR around the cancer.

X-ray (traditional) radiation beam Proton radiation beam

Figure 2.9: Dose deposition on MRI image for a patient with meningioma (I7])

2.3 Proton therapy

Ensuring a uniform dose distribution on the target volume is crucial as cancer is not limited
to a single point or surface. This uniformity is achieved through the creation of a Spread Out
Bragg Peak (SOBP) in which several Bragg peaks of different ranges are combined. These peaks

correspond to different entrance energies and have specific intensities or weights, as shown in

Figure (18).

Cumulative total from
6 beam pulses

0 10 20 30

Penetration depth in water (cm)

Figure 2.10: Spread out Bragg peak (SOBP) (19)
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Figure illustrates the advantage of using proton therapy over conventional radiotherapy with
X-rays for treating cancer. The grey area indicates the depth at which the cancer is located and
where the maximum dose is desired. The blue curve represents the dose distribution for X-rays,
and the red curve represents the dose distribution for protons with SOBP. The blue shaded area
represents the amount of healthy tissue spared by using protons instead of X-rays. This difference
in healthy tissue sparing can be significant, especially when surrounding tissues are considered
OAR.

IBA builds their machines based on the principle of using the Bragg Peak to treat cancer, while
their competitor Varian takes a different approach. Varian uses transmission beam PT and lets
the protons traveling through the body to have the Bragg Peak outside, without relying on the
Bragg Peak characteristic to treat cancer (20]).

180

— X-rays

160 === Proton Beam (Bragg Peak)

m—= Proton Beams with Spread-Out Bragg Peak
140 4

Extra dose
from X-rays

(%)

120

100

80 -

Relative Dose

60 A

40 -

20 A

5 10 15 20 25 30
Depth (cm)

Figure 2.11: Spread out Bragg peak and spared dose (21))

In order to attain the desired energy level, protons need to undergo a process of acceleration to
reach high energies (using devices like cyclotrons). Subsequently, the protons are decelerated to

attain the intended energy level.

2.3.1 Set-up

To generate accelerated protons, a hydrogen particle is used because it contains only one proton
and one electron. An electric field is applied to separate the proton and the electron. The proton
is then placed in a cyclotron to be accelerated up to the desired energy, which corresponds
to a specific speed. Following the acceleration of protons, the beams are guided towards the

gantry using electromagnets. In the treatment room, the gantry, which is the third component
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2.3. PROTON THERAPY

of the delivery system, can rotate around the patient to deliver treatment from the desired angle.

Finally, the beam is delivered to the patient through the nozzle.

Cyclotron Nozzle
Using magnetic fields, the cyclotron A z1poo-pound magnet guides the baam
can accalarate the hydrogen protons to to the patient through a nozzle.

two-thirds the spe=d of light.

_anzie

Electromagnets
The magnets focus

the proton beams toward
the gantry.

Gantry
The gantry can rotate 360" around the
patient to position the nozzle

Figure 2.12: Proton pathway for treatment delivery (22))

As previously discussed, using protons in radiation therapy has numerous advantages. However,
it is still crucial to deliver the correct dose to the target area. The state of the art PT technique
is PBS IMPT in which the tumor is painted laterally with a so called Pencil Beam Scanning
(PBS) and in depth by changing the energy of the protons between successive layers.

2.3.2 Pencil Beam Scanning (PBS)

The PBS technique is illustrated in Figure As the name suggests, it involves a single
beam that travels all along the tumor in depth and over each layer. This beam is used to paint
the tumor with small and discrete spots of radiation. The intensity and position of the pencil
beam can be carefully controlled so as to deliver the desired radiation dose to the target while
minimizing exposure of surrounding healthy tissue. The principle is to use 2 pairs of magnets
(in green) to direct the beam onto each layer. For a given energy, the beam is maintained at a

specific depth, and the magnets direct it towards each point on the layer.

The beam that exits the cyclotron has constant energy, but an Energy Selection System (ESS)
allows protons to vary in energy and consequently stop at different depths. The ESS, depicted
in Figure takes some time to reconfigure and provide protons at different energy levels at
the output of the nozzle. Energy layer switching may be of the order of 1s (23).
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Figure 2.13: Pencil Beam Scanning (PBS) (24))
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Figure 2.14: Energy Selection System (ESS) (25))

In order to deliver the desired dose to a specific layer using the magnets, the proton beam is
directed to all spots of the target line by line, layer by layer. in Figure2.15 we can see the beam’s
eye view of an arbitrary target contour superimposed with a grid pattern for proton delivery that

has a fixed 2 mm spot spacing.
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Figure 2.15: PBS scanning pattern in conventional PT (26])

In PBS, the amount of dose received by a particular spot is not constant throughout the treatment
delivery, as demonstrated in Figure[2.17] The dose is delivered to different areas of the volume at
different times, with contributions from nearby spots as well as from the low-dose penumbra of
neighboring spots. With multiple energy layers the dose to a given point may have contributions

from the entrance region of multiple different energy layers (27]).

i J\AJ\ >t
B NV

Figure 2.17: Dose for different spots according to
Figure 2.16: PBS (27) time (27)

The PBS technique offers high precision in delivering radiation to a specific spot. While it is

theoretically excellent, in practice, several uncertainties need to be taken into account.

2.3.3 Uncertainties

Radiation therapy is associated with uncertainties that originate from various sources. If these
uncertainties are not properly considered and controlled, they can pose a risk to the patient. PT
is particularly affected by uncertainties due to the need for precise delivery of protons to achieve

the Bragg Peak at the intended location and not just in its vicinity. Uncertainties can lead to
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2.3. PROTON THERAPY

overshooting or undershooting the target in PT, as opposed to conventional RT. If we refer to
Figurewhen the beam misses the target due to uncertainties, the tumor location (grey zone)
is no longer covered by the dose, which poses a greater challenge for PT compared to RT due to
the sharpness of the SOBP.

The first source of uncertainty in radiation therapy is related to imaging. There are limitations
in the resolution of the images and imperfect conversion of imaging data into quantities required
to compute the dose distribution. Additionally, patient anatomy changes, such as displacement
or shrinkage of the tumor, weight gain/loss, or cavity filling, which can have a significant impact

on the heterogeneity of the pathway. The impact of heterogeneity on dose delivery can be seen

in Figure 2.18]
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Figure 2.18: Effect of heterogeneity on dose distribution (28]

Another source of uncertainty is patient motion during treatment, such as breathing or organ

movement. Patient positioning is also a factor that can introduce uncertainty.

They are two types of errors that can arise from patient positioning: systematic errors that
are patient-specific and random errors, which are illustrated in Figure 2:19] The first type of
error is the systematic error which occurs consistently in all treatment fractions and leads to
misalignment of the dose delivery to the target. The second type of error is the random error
which occurs in each delivery fraction and results in a blurring of the dose when all fractions are

combined.
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Figure 2.19: The effect of systematic and random errors (respectively) on the dose (29)

In order to ensure proper coverage of the target, a margin is added to the irradiated zone, which
includes not only the tumor volume, but also some surrounding tissue. The target volume is

therefore no longer just the cancer but the cancer as well as a margin.

GTV, CTV and PTV

Defining the target volumes is a crucial aspect of treatment planning (29). Three important
concepts, as depicted in Figure and [2.21] are used to establish the treatment zone.

The first volume to be considered is the Gross Target Volume (GTV), which refers to the location

and extent of the malignant growth that is palpable, visible, or clinically demonstrable.

Next, we have the CTV or Clinical Target Volume, which includes an extended area around the

GTYV where cancerous cells are highly likely to be present.

The final volume is the PTV or Planning Target Volume which is an extension of the CTV. In this
zone, the presence of cancerous cells is uncertain, but it accounts for the delivery uncertainties
of the treatment. The tissues present in this zone are usually healthy, but it is better to irradiate

a small amount of healthy tissue than to miss cancer cells and risk the possibility of regrowth.
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N
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Figure 2.20: GTV, CTV and PTV (29)

Figure 2.21: GTV, CTV, and PTV on CT slice for
a prostate treatment plan (30])

Measuring both the quantity and quality of the delivered dose is crucial when administering
radiation to the PTV. A graphical representation of the simulated radiation distribution within
a patient’s region of interest (PTV), which is a result of a proposed radiation treatment plan,
is called a cumulative dose-volume frequency distribution or a Dose-Volume Histogram (DVH).
DVHs are effective tools for comparing alternative treatment plans for a specific patient as
they depict the uniformity of dose in the target volume and reveal any high-dose regions in

neighbouring normal tissues or organs.

2.3.4 DVH

A DVH example for prostate cancer is illustrated in Figure[2.:22] The aim is to achieve the higher
dose for the larger volume of the target (i.e., PTV) while minimizing the dose to the OAR. Thus,
the PTV curve on the graph should be as sharp as possible and located in the upper right region.
On the other hand, for healthy surrounding tissues, the objective is to have the curve as low as

possible and located in the bottom left region of the graph.
Important values can be extracted from this graph which are useful for further analysis. We have

D5, Dgs or Dyeqn which are the values of the dose to cover 5%, 95% of the target or the mean

dose to cover the target.
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Figure 2.22: DVH example (31

Conventional PT and RT have demonstrated their efficacy in treating cancer, but a new delivery

method called FLASH is gaining attention due to its potential to spare healthy tissues more
effectively than conventional delivery modes.

2.4 FLASH method

In recent years, FLASH radiation therapy has garnered considerable attention because of its
ability to potentially minimize the adverse effects associated with radiation therapy administered
at conventional dose rates. To qualify as a FLASH treatment, a high dose of radiation must be
delivered within an extremely brief time frame. Although further investigation is necessary to
gain a comprehensive understanding of the advantages and drawbacks of FLASH proton therapy
(FLASH-PT), as well as the underlying mechanism, an increasing number of research studies are
exploring treatment planning and delivery (32)).

This method entails administering the same treatment dose as conventional PT within a much
shorter timeframe and fewer fractions compared to conventional PT. As a result, dose rates that
are thousands of times greater than those in conventional PT are used. The proton therapy

irradiation process typically lasts a few minutes, while in FLASH it is less than one second, but
the dose delivered is significantly higher.

The FLASH delivery method is also being explored in radiotherapy and it even started with
this. Before 2014, FLASH-RT was referred to as the flash effect, which was first reported by
Dewey and Boag in 1959. Dewey and Boag’s study outlined that ultra-high dose-rate irradiation
can protect bacteria when compared to conventional dose-rate irradiation. In 2014, Favaudon
reported that using FLASH-RT to treat lung tumors can lead to a complete response and reduce

the early and late toxicity affecting normal lung tissue; subsequently, FLASH became a topic of
particular interest in radiation research (33)).
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2.4. FLASH METHOD

In Figure[2.23| we can see that the irradiation time can affect organisms at different levels. Current
theories suggest that the FLASH effect is protective in normal tissues due to several hypothetical
mechanisms including transient oxygen depletion resulting from radiolytic oxygen consumption,
differential activation of metabolic and detoxification pathways in response to reactive oxygen

and nitrogen species between normal and tumor cells, or radical-radical recombination (34).
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Figure 2.23: Effect of irradiation time on biological tissues (35)

2.4.1 Radiobiological effects

As previously mentioned, the FLASH delivery mode is advantageous in that it preserves a greater
amount of healthy tissue surrounding the tumor. Radiation exposures at ultra-high dose rates
at several orders of magnitude greater than in current clinical radiotherapy have been shown to

manifest differential radiobiological responses compared to conventional dose rates.

The varying radiobiological reactions to a fixed dose lead us to consider the concept of dose

modifying-factor, which is fundamental to the utilization of FLASH.

The difference in response between the two delivery methods can be expressed through the
FLASH Modifying Factor (FMF). This factor represents the ratio of doses required to achieve
an isoeffect (causing the same level of biological effect) for a specific biological system, with one
dose administered at conventional dose rates (CONV) and the other at ultra-high dose rates
(UHDR) (36). This FLASH Modifying Factor is defined as (36])

Dconv

FMF =
Dyupr

‘isoeffect (21)
An FMF smaller than 1 indicates that an ultra-high dose rate results in better preservation of
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normal tissue compared to a conventional irradiation dose rate.

Figure displays the FMF values for various organs and animals exposed to a single-fraction
ultra-high dose rate dose. It is observed that the FMF values for doses less than 20Gy are
approximately 0.9 (almost 1). Although the research presents findings for doses greater than
40Gy, it is impractical for radiation therapists to administer such a high dose since it will cause

tissue damage.
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Figure 2.24: FMF values of normal tissues as a function of single-fraction ultra-high dose rate dose, grouped
by species and organ/body region (ie, mouse brain, rat foot, mouse gut, mouse lung, mammalian skin, mouse
tail, mouse whole body, and zebrafish whole body). Datapoints obtained by small extrapolation of conventional
dose rate data or interpolating UHDR data are indicated by black open circles (36]).

The dose-modifying factor (DMF) is the reciprocal of the FMF. A dose-modifying factor greater
than 1 indicates that ultra-high dose rates result in better preservation of normal tissue compared

to conventional irradiation dose rates (30).
Pre-clinical studies have shown that FLASH radiotherapy can cause a dose-modification factor of

1.2-1.6 in various systems, as shown in Figure thereby inducing a sparing effect in healthy

tissue of about 20-40% compared to conventional dose rates (27).
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Dose (Gy) at conventional dose rates FLASH dose rate (Gy/s) Dose modifying factor System

Normal tissues

11.9 17-83 1.13 Mouse intestine
14.7 70-210 1.13-1.24 Mouse intestine

24 56-83 1.4 Mouse foot skin

50 17-170 1.36 Mouse tail skin
22-34 300 21.36 Minipig and cat skin
15-17 40 1.8 Mouse lung

10 100-10° 1.4 Mouse brain

Figure 2.25: Dose modifying factor (35)

Long-term effects are also crucial to investigate. Therefore, the following section presents
an example of zebrafish growth after exposure to a conventional dose with and without a
radio-protective drug, as well as a FLASH dose. The zebrafish were exposed to the treatments
when they were embryos, and their length was measured as they grew to evaluate the long-term

effects of the treatments.

2.4.2 Example

In Figure 2:20] it is observed that the use of the FLASH delivery method has an effect on the
size of zebrafish, indicating that biological tissues are better preserved with FLASH compared
to conventional RT. In particular, FLASH-RT is even more effective in protecting normal tissues
than Amifostine, a selective radio-protective drug commonly used in radiotherapy and chemotherapy

to minimize normal tissue toxicity (37).

Amifostine was added to the zebrafish embryos’ water 1h before irradiation and the irradiation
was performed 4 hours post-fertilization. Embryos were given 8 Gy delivered with FLASH-RT

(1 pulse of 1.8 x 107%s) or conventional dose-rate irradiation (0.1 Gy/s). Radiation-induced
alteration of zebrafish morphology was assessed 5 days post-fertilization by body length measurement
(3]).
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Effects of FLASH and conventional dose-rate irradiations
on the zebrafish development
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Figure 2.26: Effects of FLASH on zebrafish development (38)

FLASH is a very promising technique that has demonstrated great performances. However,
a significant hurdle arises due to the inability of current proton therapy systems to deliver
radiation within the extremely short timeframes required for FLASH treatment. To overcome this
challenge, a new component is incorporated into the delivery machine to enable the achievement

of ultra-high dose rates.

2.4.3 3D patient-specific range modulator

One challenge in using the FLASH delivery method is that it relies on the PBS method, which
involves changing the energy with the ESS. The time required to change the ESS configuration
is too long for the fast delivery time required by the FLASH method.

In order to solve this issue, a new component called a 3D patient-specific range modulator, also

called hedgehog because of its shape (as shown in Figure and ) is added to the nozzle
of the device.
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Figure 2.27: Top view of a 3D range modulator Figure 2.28: Side view of a 3D range modulator

This 3D range modulator is used to shape the beam to the target with the SOBP without the
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need of an ESS.

This hedgehog consists of 2 main parts as we can see in Figure [2.:29

e The range shifter is used to slow down protons to reach the desired speed so that protons

deliver their energy at the desired depth thanks to the Bragg Peak.

e The spikes/tower of the range modulator, as shown in Figure [2.30, have the shape of a
pyramid and they create an SOBP due to the distance that the protons travel in the

material.

Target

Direction of the
protons

"Spikes” of the Base of the
range modulator range modulator
- material B - material A

Partial pixelated representation of a
range modulator

Figure 2.29: 3D range modulator split into towers/spikes in material B and the base of the range modulator
(range shifter) material A (39)

Figure 2.30: Multiple pyramid-shaped pin (40)

At IBA, the two parts of this 3D range modulator are made of the same material (Accura
ClearVue) and are printed using 3D printing technology, which can introduce uncertainties related
to the quality of the printing. Moreover, the addition of a new component to the existing proton
therapy system can introduce other sources of uncertainty, such as the improper placement of

the hedgehog, which can have an impact on patient treatment.
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Chapter 3

FLASH

As described in Chapter IMPT (PBS) is used for proton therapy delivery. With this technique,
the tumor is painted at various depths by adjusting the energy of the protons. In conventional PT,
an ESS is used to change the energy, while in FLASH-PT, a 3D patient-specific range modulator,
known as a hedgehog, is used. After protons are generated in the cyclotron, they have maximum
energy and must be slowed down to achieve the desired energy level. It is important to study
how the speed of protons affects the dose deposition along the beam path. We will thus begin by
exploring some fundamental principles governing the behavior of protons in physics. Following
this, we will look at the distinct advantages of FLASH compared to conventional delivery methods
from a physics perspective. A more comprehensive discussion on the concept of dose rate will
be provided, and we will conclude with an examination of the optimization methodology for the

hedgehog component.

3.1 Physics background of protons

As explained in section[2.2] PT has a significant advantage over RT which due to the Bragg Peak,
which refers to the specific energy deposition of protons during their travel through matter. This
characteristic Bragg Peak can be explained with some physics. At this point, our focus is solely
on the physics aspect since it was not necessary earlier for a comprehensive understanding.
However, we will now delve into the subject matter with precise and in-depth discussions that

align with our interests.

3.1.1 Fluence

First, the fluence is the number of particles (dN) incident on a surface over a certain period of

time divided by the area of the surface (da):

dN

¢=— (3.1)

3.1.2 Stopping power

When a charged particle travels through matter, it loses energy along the pathway. This is the
concept of Stopping Power: the average loss of energy (dE) per unit distance (ds) along the path
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is, in [MeVem™1].

dE

S:—E

(3.2)

The energy loss of a particle depends on all the interactions that take place during its travel

through matter.

3.1.3 Interactions of protons with matter

There are four types of interactions for protons, which are illustrated in Figure[3.1] These include

Inelastic Coulomb scattering, Elastic Coulomb scattering, Nuclear reactions, and Bremsstrahlung.

Interaction type

Interaction target

Principal ejectiles

Influence on
projectile

Dosimetric
manifestation

Inelastic
Coulomb
scattering
Elastic Coulomb
scattering

Non-elastic
nuclear reactions

Atomic electrons

Atomic nucleus

Atomic nucleus

Primary proton,
ionization
electrons

Primary proton,
recoil nucleus

Secondary
protons and
heavier ions,
neutrons, and

Quasi-continuous
energy loss

Change in
trajectory

Removal of
primary proton
from beam

Energy loss
determines range in
patient

Determines
lateral penumbral
sharpness

Primary fluence,
generation of stray
neutrons, generation
of prompt gammas

gamma rays for in vivo
interrogation
Bremsstrahlung Atomic nucleus Primary proton, Energy loss, Negligible
Bremsstrahlung change in
photon trajectory

Figure 3.1: Summary of proton interaction types, targets, ejectiles, influence on projectile, and selected
dosimetric manifestations (41).

For PT, Bremsstralhung is completely negligible because of the level of energy used. In Figure

[B:2] are represented the 3 types of interactions for a proton at medical level:

(a) Inelastic Coulomb scattering: when the proton hits an electron. Due to the difference of
mass between the two (a proton is approximately 2000 times heavier than an electron), the
electron is ejected from the electronic cloud of the atom and the proton continues most of
the time straight forward. This is the main cause of energy loss by protons and it creates

a transfer of energy to matter, resulting in energy absorption and dose deposition.

(b) Elastic Coulomb scattering: when the proton is deflected from its trajectory due to the
larger mass and charge of the nucleus. It results in a change of energy loss and direction

of the incident charged particle.

(c) Nuclear interactions: the primary proton hits a nucleus and ejects a secondary proton (p’),
a neutron (n), and y-rays. The primary proton gives up all its energy and does not continue

to travel after this collision.
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All of these interactions with matter are important in general, but particularly for this master’s
thesis, as all of these phenomena will occur within the range modulator. The range modulator
passively degrades the energy of the protons to achieve the dose conforming to the expected dose

calculated during treatment planning.

Y (©)

Figure 3.2: (a) inelastic Coulomb scattering, (b) deflection of proton trajectory by repulsive Coulomb elastic
scattering with a nucleus, (c) removal of primary proton and creation of secondary particles via non-elastic
nuclear interaction (4I).

3.1.4 Collision stopping power

As previously mentioned, collisions of protons with atomic electrons are the primary cause of
energy deposition in matter, as shown in Figure [3.3] This leads to the concept of collision

stopping power, which can be estimated using the Bethe(-Bloch) formula

S 1 (dE 22 B2 5 Cl [z

Z) =—=(=) =0.1535= |27. o2n (——— ) =282 —s—2nl —2=| (=

<p)col P <ds)col ! 53552 |: roT n<1_52> ﬁ " Z:| <A>
(3.3)

expressed in [MeVem?g~!] where 8 = = %: shell effect, z: atomic number of the projectile, Z:
atomic number of target atom, A: mass number of the target atom.
The most dominant term in the formula is Z,—z Since the incident particle is a proton with z =1,

the collision stopping power is proportional to the inverse square of its velocity (ﬂ%)
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The collision stopping power is a critical factor in the optimization of the range modulator,

making it a key aspect of this master’s thesis.

Stopping power in water for protons

10 ‘
— Collision stopping power
77777 — Elastic scattering
N — Total stopping power
10°
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“Protonthera )

10°
Energy (MeV)

Figure 3.3: Stopping power of protons (42])
The impact of elastic scattering on stopping power and dose delivery through matter is minimal,

as illustrated in Figure [3.3] However, elastic scattering is primarily responsible for angular

deflections of protons, resulting in a blurred effect on the dose, as shown in Figure [3.4]
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Figure 3.4: Elastic scattering of protons through PMMA (42)

As demonstrated earlier, the energy of protons, which is closely associated with their velocity,
plays a significant role in determining their interactions as they travel through matter. This
difference of interaction has a major impact on energy delivery and thus on dose deposition in
patient treatment. In the next section, we will show the advantage of the FLASH effect on dose

distribution over the healthy tissues.
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3.2 FLASH effect

Over the past years, there has been significant interest in FLASH radiation therapy due to
its potential to reduce the side effects associated with conventional radiation therapy. FLASH
treatment involves delivering a high radiation dose within an extremely short time frame. While
more research is needed to fully understand the benefits and limitations of FLASH-PT and its
underlying mechanisms, there is a growing number of studies investigating treatment planning

and delivery.

Compared to conventional PT, FLASH-PT involves delivering the same treatment dose in a much
shorter time frame and with fewer fractions. This requires using dose rates that are thousands
of times higher than those used in conventional PT. In conventional PT treatment, the dose is
typically administered at rates of 1-4 Gy/min over several minutes. However, in FLASH-PT, the

dose is delivered at a significantly higher rate of at least 40 Gy/s for less than one second.

In section 2-4] it was also mentioned that reducing the duration of irradiation can have positive
effects on biological tissues. Figure illustrates this concept, where we observe a therapeutic
window for FLASH that is wider compared to conventional PT. For the same tumor control
(TC) (green curve), the normal tissue complication (NTC) curve for FLASH is shifted further
to the right. This indicates a greater potential to treat cancer while minimizing the impact on

healthy tissues, resulting in an expanded therapeutic window for FLASH.
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Figure 3.5: Therapeutic window with conventional and FLASH in RT

The challenge with FLASH is to deliver a significantly higher dose within a very short timeframe,

necessitating a higher global dose rate.

3.3 Dose rate

In the context of FLASH, both delivery time and beam intensity play crucial roles, leading to

the introduction of the concept of dose rate. Dose rate refers to the rate at which radiation is
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delivered to a specific voxel within a given time frame. It is commonly expressed in units such

as gray per second (Gy/s) or milligray per minute (mGy/min).

A spot refers to specific coordinates around which the dose will be distributed. Each spot is
assigned a specific dose quantity, which follows a Gaussian distribution. The parameters of this
distribution will determine the size of the spot. This distribution indicates that the majority of
the dose is applied to the planned spot, but there is still some dose delivered to the surrounding
locations as shown in Figure As a beam is not confined to a finite size due to the Gaussian

distribution, a particular voxel within the tumor will receive doses at various times during the

treatment.

Spot Scanning

Figure 3.6: Scanning pattern (44))

Figure illustrates the cumulative dose as a function of time for a specific spot. It clearly
appears that the curve is not constant due to the contribution of different spots and the Gaussian

distribution of the energy of protons when they release their energy.

— PBS window

gll== Perc. window [
= = Max. perc. window ~
>
2
@ 61
&
=]
w
=
7 4
=
E
= |
L] 2_

Do 0.1 0.2 0.3 0.4 0.5

Time (s}

Figure 3.7: Accumulated dose and time windows as used by the PBS (32)
In Figure the cumulative dose is shown as a function of space, highlighting that the dose is
not evenly distributed over the surface due to scattering effects during the beam’s travel through

matter. This scattering contributes to the blurring effect in the dose delivery, resulting in a

Gaussian distribution of the beam.
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Figure 3.8: Spatial distribution of dose-rate within a pencil beam scanned proton beam illustrating the role
of scatter contribution from adjacent spots, which leads to an inhomogeneous distribution of dose-rate (45)).

3.3.1 Optimization pattern in PBS

In contrast to conventional PT, FLASH therapy requires a patient-specific irradiation pattern
using PBS that needs to be individually optimized for each treatment. Unlike the traditional
line-by-line scanning approach, the optimization in FLASH takes into account the importance of
delivery time and the significantly higher global dose rate associated with this method. Various
optimization patterns for various PTV are shown in Figure [3.9]
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Figure 3.9: Optimized scanning patterns with initial (green) and final (red) positions, overlaid with the
resulting PBS-DR distribution in a beam transverse plane through various PTV (4@).
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3.4. ADAPTING IMPT FOR FLASH

The investigation of dose delivery to each voxel is a key factor investigated in this master’s
thesis. It encompasses alterations in the overall dose deposition, which can have a major impact

on patient treatment.

3.4 Adapting IMPT for FLASH

The FLASH effect relies on delivering a high dose within a narrow timeframe. Achieving this
requires a significantly higher dose rate compared to conventional treatments, necessitating
advanced beam-shaping technologies. As mentioned in section [2:4.3] the time required for
energy switching in PBS is impractical for FLASH treatment. To overcome this limitation, a
3D patient-specific range modulator is employed to replace the energy selection system, enabling
a significantly faster dose delivery. This new component consists of a collection of towers with
varying heights, which convert individual Bragg peaks into SOBP and deliver protons at different

energies.

3.4.1 3D range modulator definition and function

Currently, the PBS method is used to achieve the required level of precision in PT, ensuring
uniformity and conformity. However, the current technology is unable to attain the necessary

dose rate for the Flash effect when using IMPT treatment.

As a solution, the current approach for FLASH therapy involves using a single energy layer and
a 3D patient-specific range modulator, also known as a hedgehog due to its distinctive shape
(see Figure 3.11)). This approach addresses the limitations and enables the delivery of high-dose

radiation in a short timeframe.

Figure 3.10: 3D image of an optimized hedgehog in OpenTPS
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3.4. ADAPTING IMPT FOR FLASH

As we can see in Figure [3.10] the total process consists of several parts. The first part is a huge
range modulator that is used to degrade the energy of the protons a first time in order to reach

the desired energy.

The second part is actually what we call the hedgehog. It consists of multiple towers of varying
heights, as illustrated in Figure[3.11] The specific example shown in the figure corresponds to a

hedgehog designed for a spherical target with a diameter of 5 cm (47).

(a) (b)

Figure 3.11: Frontal view (a) and oblique view (b) of a 3D range-modulator for a spherical target (47))

Each of these towers has a thicker base and a thinner top. This is due to the fact that we wish
to use only one single layer of energy but still intend to reach a 3D volume which is the tumor.
The aim behind this concept is that there will be protons that pass through a gap, an air gap,
and will then travel further, and some protons will pass through the tower, will then be more
degraded, and will then travel less deeply into the patient. This will create a SOPB that allows
delivering the dose to a 3D volume using a single 2D pattern of PBS scanning. This concept is
illustrated in Figure (47)). Furthermore, it is worth mentioning that the lateral conformity

of the dose is maintained through the scattering of protons.
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3.4. ADAPTING IMPT FOR FLASH
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Figure 3.12: Principle of the 3D range-modulator for a spherical tumor (d = 5cm) (47)

The third part is the collimator, and its role is really important because the hedgehog will also
scatter the protons outside of the target volume. The role of the collimator is to stop the protons
that are not following the direction of the target volume. This is why this collimator is usually

made of tungsten, a high-density material (19,3 [g.cm™3] at