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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
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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:

• 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.

• 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.

• Impact 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.
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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 (1). 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 2.1 (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.

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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2.1. CANCER

"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 2.2.

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.

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 (6), the most common being
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2.2. RADIOTHERAPY

• Surgery: remove the cancer or as much of the cancer as possible.

• Chemotherapy: use drugs to kill cancer cells.

• 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).

• 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)

• photons: the most used technique (radiotherapy).

• 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
2.2.

• 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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2.2. RADIOTHERAPY

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.

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

Figure 2.6: Toxicity levels for radiation treatment (11)

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 (12). 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 (13). The main advantage of VMAT is a shortened delivery time, which leads to
improved patient comfort and possibly smaller intra-fraction movements (14). 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.

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 2.9 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.

Figure 2.9: Dose deposition on MRI image for a patient with meningioma (17)

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 2.10 (18).

Figure 2.10: Spread out Bragg peak (SOBP) (19)
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Figure 2.11 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).

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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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.

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 2.13. 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 2.14, 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)

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 Figure 2.15 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).

Figure 2.16: PBS (27)
Figure 2.17: Dose for different spots according to
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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overshooting or undershooting the target in PT, as opposed to conventional RT. If we refer to
Figure 2.11 when 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.

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 2.20 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
GTV 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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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, D95 or Dmean 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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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).

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)

FMF =
DCONV

DUHDR
|isoeffect (2.1)

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 2.24 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.

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 (36).

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 2.25, thereby inducing a sparing effect in healthy
tissue of about 20–40% compared to conventional dose rates (27).
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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 2.26, 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 × 10−6s) 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
(38).
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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 2.27 and 2.28 ) is added to the nozzle
of the device.

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:

• 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.

• 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.

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 2, 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):

ϕ =
dN

da
(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 [MeV cm−1].

S = −dE

ds
(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.

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
3.2 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 γ-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.

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 (41).

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

ρ

)
col

= −1

ρ

(
dE

ds

)
col

= 0.1535
z2

β2

[
27.675 + 2ln

(
β2

1− β2

)
− 2β2 − δ − 2lnI − 2

C

Z

](
Z

A

)
(3.3)

expressed in [MeV cm2g−1] where β = v
c ,

C
Z : 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 z2

β2 . Since the incident particle is a proton with z = 1,
the collision stopping power is proportional to the inverse square of its velocity ( 1

β2 ).
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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.

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.

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 3.5 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.

Figure 3.5: Therapeutic window with conventional and FLASH in RT (43)

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 3.6. 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.

Figure 3.6: Scanning pattern (44)

Figure 3.7 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.

Figure 3.7: Accumulated dose and time windows as used by the PBS (32)

In Figure 3.8, 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.

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 (46).
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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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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).

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 3.12 (47). Furthermore, it is worth mentioning that the lateral conformity
of the dose is maintained through the scattering of protons.
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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 20◦C).

3.4.2 Optimization of the hedgehog

Within the context of FLASH therapy, the optimization process involves optimizing both the
treatment plan and the hedgehog. This implies optimizing two variables: the weights of the
beamlets (w) that are typically optimized in all treatment plans, and the height of the hedgehog
tower (h), which is specific to FLASH therapy.

In this section, we shall present the optimization of a hedgehog in openTPS which is an open-source
Treatment Planning System (TPS) for research in proton therapy and will be better presented
in section 4.2.1. This optimization process is conducted according to Sylvain Deffet and al in
(39). But in general, the optimization of a hedgehog in other softwares may not use exactly the
same algorithm or the same cost functions, but the main idea is the same.

Before explaining the optimization process described in Figure 3.13, it is necessary to define the
objective function. The objective is to penalize the deviation of the dose from the prescribed
dose. Since we wish to ensure that the dose reaches a minimum Dmin everywhere and that the
dose does not reach a maximum Dmax, we define fmin 3.4 and fmax 3.5 as follows

fmin(w, h) =
1

Nr
ΣNr
i=1maxw,h(0, Dmin −Di(w, h))

2 (3.4)
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fmax(w, h) =
1

Nr
ΣNr
i=1maxw,h(0, Di(w, h)−Dmax)

2 (3.5)

Where Nr = |ROI|.

Note that we use a dilated Region Of Interest (ROI) for the optimization, which is the same ROI
but with 3 more voxels in each dimension. We do this to ensure homogeneity even at the edges.

The final objective function to be minimized is the sum of those two functions.

fobj(w, h) = fmin(w, h) + fmax(w, h) (3.6)

Once this is set, we can introduce the optimization algorithm 3.13. The main idea is to first
optimize the weight of the spot according to Baraggan and al (48), then optimize the height of
the tower in the hedgehog using the gradient descent method.

Figure 3.13: Iterative optimization of the individual heights of the hedgehog (patient-specific range
modulator)
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The first step in this algorithm is to initialize the spot grid according to the beam angle, the
range modulator and to make an initial guess of what the hedgehog could be. Usually, we just
initialize all the towers to the same height. We also define the region of interest as well as its
dilated version and set Dmin and Dmax according to the prescription. In our case, they are
respectively 54 and 54.5 Gy.

We then perform a first optimization of the spots which involves a gradient descent with regard to
w. The concept of the gradient descent method will be explained later with the optimization of h.

The next step is the estimation of the fluence at the range modulator entrance given the beam
model in order to produce the classical inputs used by MCsquare (a Fast Monte Carlo simulation
for proton PBS).

After this, we begin the gradient descent process for the height optimization by computing the
derivative of the objective function 3.6 with regard to h. This gives us :

∆fobj =
2

Nr
ΣNr
i=1maxh(0, Di(w, h)−Dmax)

δDi(w, h)

δh
+

2

Nr
ΣNr
i=1maxh(0, Dmin −Di(w, h))

δDi(w, h)

δh

(3.7)

The next step is to update the h vector by this equation :

hn+1 = hn − αn∆fobj(hn, w) (3.8)

where αn is either a fixed step size or a learning one.

We then proceed to update the range modulator in the Computed Tomography (CT) by incorporating
the new values for the tower heights. At this stage, certain conditions are imposed so as to
determine whether the value of hn+1 is acceptable. These conditions can be based on various
criteria, such as the magnitude of hn+1 − hn being sufficiently low, or imposing constraints on
the objective function, or setting a limit on the number of iterations. Different conditions apply
to the optimization process for h compared to those for w. If the conditions related to h are
not satisfied, we return to the estimation of the gradient step and repeat the process until these
conditions are met.

If the conditions for h are satisfied but not the conditions for w, we return to the step of optimizing
spot weights. Subsequently, we repeat the process of estimating the fluence step, as shown in
Figure 3.13.

We iterate the algorithm until both the conditions for h and w are satisfied, indicating the
completion of the hedgehog optimization and the treatment plan optimization.
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Chapter 4

Robustness analysis of 3D
patient-specific range modulators

This chapter marks the initiation of the experimental phase in this master’s thesis. It is divided
into 3 main sections:

1. Objective of this study

2. Materials and methods

3. Results of range modulators robustness study

The second section, Materials and methods, first details the software used to compute all our
results, how range modulators are implemented in this software and how the set-up was designed.
Secondly, a complete description of the methodology applied to each experiment is provided.

The third section, Results of range modulators robustness study, presents all our results and also
contains comments and discussion.

4.1 Objective of this study

As explained in the previous chapter, the FLASH delivery technique requires administering a
high dose within a narrow time window. To effectively address this constraint while adequately
irradiating the entire tumor, a novel component known as a 3D patient-specific range modulator
or hedgehog is used. This range modulator replaces the conventional energy selection system
and enables the generation of a SOBP to deliver the radiation dose to the tumor, penetrating it
at various depths.

With the addition of this new component to the nozzle, additional uncertainties will occur during
the delivery of radiation. These uncertainties must be carefully considered and accounted for
prior to administering the treatment to the patient, ensuring consistency between the planned
dose and the delivered dose. It is crucial to investigate the impact of incorporating this new
component into the treatment apparatus, particularly since it is adapted to each patient and
may vary in quality and dose conformity across various patients.
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In this master’s thesis we investigated 3 types of uncertainties:

1. Impact of spot size

2. Impact of spot position

3. Impact of the presence of air inclusions in the hedgehog after the 3D impression

By selecting these parameters, we examined various types of uncertainties. The first of these
can occur when there is a small difference in the initial conditions, resulting in our measuring
tools producing parameters that are not exactly the same as in reality. The second measures
the impact of a misalignment between the hedgehog and the nozzle. The last one evaluates the
effects of 3D printing imperfections, such as the presence of air inclusions, which can introduce
density variations and therefore a change in the energy delivered by protons.

Examining these uncertainties will give us an idea of the quality and robustness of this delivery
method. If the impact is significant and there are important differences between the desired dose
to the target and the actual dose that should be delivered to the patient, this indicates a lack of
dose conformity. In such cases, certain actions must be taken to ensure proper coverage of the
target. This may involve options such as reprinting the hedgehog, verifying its position on the
nozzle, adapting the treatment plan, and so on.

4.2 Materials and methods

In this section, we will begin by discussing the materials employed in our study. Specifically, we
used a Treatment Planning System (TPS) called OpenTPS for conducting all our simulations.
Additionally, we will provide a detailed description of how the range modulator is implemented
within this software. To establish a connection between the materials section and the methods
section, we will outline the specific set-up that was implemented in computing our results. Finally,
we will delve into a comprehensive explanation of the methods used for each of the three types
of simulations.

4.2.1 OpenTPS

Throughout this master’s thesis, we used the OpenTPS software to compute all our results.
OpenTPS is an open-source TPS for research in PT. It was developed in Python with a special
focus on simplifying contribution to the core functions in order to allow the users to develop
their own features (49).

The library behind OpenTPS is composed of 2 main parts:

• OpenTPS core, containing all the functions used for performing Monte Carlo (MC) simulations.

• OpenTPS GUI, which incorporates various functions aimed at facilitating the graphical
user interface, as depicted in Figure 4.1.

We essentially worked on a sub-branch of the OpenTPS core, the FLASH branch, which includes
all the functions related to the research in FLASH therapy.
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Figure 4.1: Graphic User Interface (GUI)

Another very important feature and which is still implemented in OpenTPS is the conversion
between Hounsfield units (HU) and actual material density.

In fact, a Monte Carlo simulation requires the determination the elementary composition of each
voxel. In MCsquare, the CT is converted using 2 tables which are given as inputs. The first table
does the mapping between HU and mass density, and the other one does the mapping between
HU and elementary composition.

HU conversion

The Hounsfield unit (HU) is a relative quantitative measure of radio density used by radiologists
to interpret CT images. It is derived from the absorption/attenuation coefficient of radiation
within tissues during CT reconstruction, which produces a grayscale image. The HU value is
determined through a linear transformation of the baseline linear attenuation coefficient of the
X-ray beam via the following formula (50)

HU =

(
µmaterial − µwater

µwater

)
× 1000 (4.1)

where µmaterial and µwater represent the linear attenuation coefficient of the tissue (in a voxel)
and water, respectively.

In this scale, the density of distilled water at Standard Temperature and Pressure (STP) is
assigned a value of 0 HU, while the density of air at STP is defined as -1000 HU (50) (51).
Figure 4.2 shows various human tissues with their corresponding HU values.
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Figure 4.2: Hounsfield scale for different structures (52)

Conversion of values between real density and HU is essential for treatment planning. Since
tissues have varying densities along the proton path, they will not be attenuated uniformly,
which can significantly affect the delivered dose. The physician typically delineates the PTV
based on CT images.

But in our case, we had to do the inverse conversion, e.g. we knew the density of the hedgehog
but we needed the corresponding HU to put it in the CT.

4.2.2 Modelling of the hedgehog in OpenTPS

We shall now going to present the way in which the hedgehog is implemented in OpenTPS.

In OpenTPS, the hedgehog is implemented directly into the CT and the beam’s eye view. This
approach eliminates the need for transformations between multiple reference grids, as all pixels
are referenced within the same grid.

We opted for a 1mm voxel size resolution, which is a reasonable choice as it allows us to obtain
hedgehogs that are certainly achievable by a 3D printer.

Furthermore, the reason for applying the transform on the CT and not on the binary mask of the
hedgehog is that we expect that any rotation applied to the mask could yield dramatic changes to
its geometry. For instance, when examining Figures 4.3, 4.4, and 4.5, it is obvious that deviating
from a perpendicular or parallel gantry angle in relation to the patient table while retaining the
original grid and applying an affine transformation to the binary mask defining the hedgehog
would result in significant degradation in quality, as demonstrated in Figure 4.4.
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Figure 4.3: Hedgehog modelled
with a 0 degree gantry angle

Figure 4.4: Hedgehog modelled
with a 45 degree gantry angle but
same grid than 0 degree angle Figure 4.5: Hedgehog modelled

with a 45 degree gantry angle but
implemented in the beam’s eye
view

If, instead, we adopt the approach currently implemented in OpenTPS, which involves preserving
the binary mask in its reference frame and simply rotating it, we achieve a scenario, as depicted in
Figure 4.5, where there is no loss of quality in the hedgehog. However, since the only stationary
element is the patient, the affine transformation is applied to the patient and consequently to the
tumor. As illustrated in Figure 4.6, specifically at the bottom right of the image, the patient’s
skin appears to be somewhat uneven, which can be attributed to this affine transformation.

Figure 4.6: Example of a 60 degrees gantry angle treatment in OpenTPS

We might initially perceive this as a problem since it could lead to approximations and a loss of
quality in the delineation of the medically defined contours (GTV, CTV, and PTV, as discussed
in Section 2.3.3). However, this is not a significant concern for several reasons. First, the contours
are not precisely defined to begin with due to the use of a grid, and tumors often exhibit non-cubic
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shapes, resulting in an inherent loss of accuracy. Secondly, even though these contours may not be
exact, they serve the purpose of accounting for uncertainties and play a similar role in mitigating
the impact of the quality loss in those contours. Lastly, this does not significantly affect the
primary objectives of the treatment, as the worst-case scenario would involve slight deviations
in dose delivery at the boundary of these volumes. Furthermore, FLASH therapy is specifically
designed to better preserve healthy tissues, and it is in these contour regions that healthy tissues
are typically found. Therefore, the impact on the central region of the tumor, which remains the
most critical aspect, is minimal.

4.2.3 Experimental Set-up

In this section, we present a detailed description of the experimental set-up employed in this
thesis, outlining the software, procedures, and variables involved. By elucidating the experimental
framework, we aim to provide readers with a comprehensive understanding of the methods
employed and ensure transparency and reproducibility of our findings.

First of all, we all used the Pycharm software to write the code and compile our simulations. Also,
we used the OpenTPS library as already presented in section 4.2.1 to perform all our simulations.

Throughout our experimentations, we used as target a rectangular parallelepiped in a water box
to facilitate the readability and visibility of our results. This region of interest was a 20x25x40
mm rectangular box as shown in Figure 4.7 with the number 4.

Figure 4.7: 3D image of an optimized hedgehog in OpenTPS

During the treatment optimization, we did not optimize the gantry angle, but decided to use
only a 0-degree angle. To compute the various simulations of this study we used the Monte Carlo
dose enginenamed MCSquare.

MCsquare is a new fast Monte Carlo code and has been developed to simulate proton PBS
treatments with the accuracy and calculation speed required in the clinic.
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The BDL in MCSquare

The MCsquare software incorporates the Beam Data Library (BDL), which serves as a lookup
table containing beam parameters for various energy settings. These parameters need to be
adjusted to ensure accurate alignment between MCsquare simulations and experimental measurements.
The commissioning procedure involves a series of steps that must be followed in a specific order
(53):

1. Optimization of the BDL parameters

(a) Phase space calculated at the exit of the nozzle

(b) Energy Spectrum represented as a Gaussian with a mean and a standard deviation of
the proton energy

(c) Absolute dose calibration

2. Validation of the generated beam model

The phase space sub-step within the BDL optimization process allows the extraction of optical
parameters (such as spot sizes, divergences, and correlations) at the nozzle exit. The measured
spot fluences can be accurately modelled using single or double 2D Gaussian distributions.

By using the Courant-Snyder equations, MCSquare is able to convert the optical parameters
computed with the BDL from the isocenter to the nozzle position. The Courant-Snyder equations
are described as follows.

σ2
x(z) = σ2

x(0)− 2ρxθ(0)σx(0)σθ(0)z + σ2
θ(0)z

2 (4.2)

σ2
y(z) = σ2

y(0)− 2ρyϕ(0)σy(0)σϕ(0)z + σ2
ϕ(0)z

2 (4.3)

where z is the distance between the isocenter and the nozzle, σθ the beam divergence in x

direction, σϕ the beam divergence in y direction, ρxθ the correlation coefficient in x direction
and ρyϕ the correlation coefficient in y direction.

These equations give the spot size at position z as a function of the spot size, divergence and
correlation at the isocenter (z=0).

Once all parameters of the Courant-Snyder equations are determined at the isocenter, the formula
is used to extrapolate the optical parameters to the nozzle exit. Correlation and divergence can
be found, for x, by using the following equations (53)

ρxθ(z) =
ρxθ(0)σx(0)− σθ(0)z

σx(z)
(4.4)

σθ(z) = σθ(0) (4.5)

and similarly for y.
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In our case, the distance from the nozzle exit to the isocenter is configured to be 410.0mm.

The BDL is a text file that provides a comprehensive description of the beam parameters at the
nozzle. For our simulations, we used a specific BDL with the characteristics shown in Table 4.1.
It is important to note that the energy of this BDL was consistently set at 226 MeV.

BDL parameters
Name Description Values

NominalEnergy The nominal energy (in MeV) as specified in the
treatment plan.

225.0 MeV

MeanEnergy The actual mean energy (in MeV) that should be
simulated to reproduce the proton range measured in
water.

225.217 MeV

EnergySpread The standard deviation of the Gaussian distribution
used to model the energy spectrum at the exit of the
nozzle (in % of the nominal energy).

0.268174

ProtonsMU The number of protons delivered per MU at this specific
nominal energy.

152880000.0

Weight1 The weight of the first Gaussian for the double Gaussian
optical model. The sum of Weight1 and Weight2 should
be 1.0.

0.968

SpotSize1x The in air spot size (in mm) along the x direction at the
nozzle exit (for the first 2D Gaussian).

4.0 mm

Divergence1x The spot divergence (in rad) along the x direction (for
the first 2D Gaussian).

0.00392 rad

Correlation1x The correlation between the spot size and the divergence
along the x direction (for the first 2D Gaussian). Its
value must lie between -0.99 and 0.99.

0.449243

SpotSize1y The in air spot size (in mm) along the y direction at the
nozzle exit (for the first 2D Gaussian).

5.5 mm

Divergence1y The spot divergence (in rad) along the y direction (for
the first 2D Gaussian).

0.002592 rad
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Correlation1y The correlation between the spot size and the divergence
along the y direction (for the first 2D Gaussian). Its
value must lie between -0.99 and 0.99.

-0.24634

Weight2 The weight of the second Gaussian for the double
Gaussian optical model. The sum of Weight1 and
Weight2 should be 1.0.

0.032

SpotSize2x The in air spot size (in mm) along the x direction at the
nozzle exit (for the second 2D Gaussian).

11.631725 mm

Divergence2x The spot divergence (in rad) along the x direction (for
the second 2D Gaussian).

0.0096 rad

Correlation2x The correlation between the spot size and the divergence
along the x direction (for the second 2D Gaussian). Its
value must lie between -0.99 and 0.99.

0.565136

SpotSize2y The in air spot size (in mm) along the y direction at the
nozzle exit (for the second 2D Gaussian).

10.688153 mm

Divergence2y The spot divergence (in rad) along the y direction (for
the second 2D Gaussian).

0.009301 rad

Correlation2y The correlation between the spot size and the divergence
along the x direction (for the second 2D Gaussian). Its
value must lie between -0.99 and 0.99.

0.145048

Table 4.1: The parameters of the BDL used in each simulation (53)

The parameters for the range shifter, the hedgehog, and the aperture are shown in Table 4.2.

Range shifter parameters
Material Aluminium
density 2.7 g/cm3

Hedgehog parameters
Material Accura ClearVue (SLA)
density 1.2 g/cm3

Aperture parameters
Material Tungsten
density 19 g/cm3

Table 4.2: Characteristics of the range shifter, the hedgehog and the aperture

The hedgehog was optimized to deliver a prescription dose with a minimum of 54Gy and a
maximum of 54.5Gy throughout the ROI.
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4.2.4 Spot size

Before explaining the method used to compute uncertainties related to spot size, we will explain
the definition of spot size and the mathematical link between results at the nozzle and at the
isocenter.

Definition of spot size

As mentioned in section 4.2.3, the beam, or the spot fluence, can be modeled by a double
Gaussian as can be seen in Figure 4.8.

Figure 4.8: Beam model represented by a double Gaussian

The double Gaussian model is used to capture the dose distribution more accurately via two
overlapping Gaussian curves instead of a single one. Each Gaussian curve is associated with a
weight that influences the overall distribution. In this particular model, the first Gaussian curve
has a weight of approximately 0.95, while the second one has a weight of approximately 0.05 as
shown in Table 4.1. Based on this distribution, we made the decision to exclusively modify the
characteristics of the first Gaussian curve for the remaining duration of the experiment, as it is
the most representative component.

Since the beam is represented by Gaussian curves, the spot size technically extends to infinity.
However, for practical purposes, we focus only on the regions where the dose is significant. To
determine the size of the spot, we consider the threshold of one standard deviation (sigma σ)
of the most heavily weighted Gaussian, which is the first Gaussian. This threshold allows us to
determine the spot size, as illustrated in Figure 4.9.
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Figure 4.9: 2D spot size

Nozzle vs Isocenter

As mentioned previously, MCsquare requires beam characteristics at the nozzle, whereas other
companies describe them at the isocenter. Therefore, it is necessary to convert the results
obtained at the nozzle to obtain the corresponding values at the isocenter. For instance, Raystation,
a well-known competitor of the OpenTPS software, provides beam model characteristics specifically
at the isocenter.

To establish the relationship between the nozzle and the isocenter, the Courant-Snyder formula
is employed, as explained in section 4.2.3. This formula allows the conversion of the beam
parameters between the two locations (54) (55).

The equations producing the conversion are the following

σ2
x(z) = σ2

x(0)− 2ρxθ(0)σx(0)σθ(0)z + σ2
θ(0)z

2 (4.6)

ρxθ(z) =
ρxθ(0)σx(0)− σθ(0)z

σx(z)
(4.7)

σθ(z) = σθ(0) (4.8)

From equations 4.7 and 4.8 it is possible to obtain a new equation, viz.

ρxθ(0)σx(0) = ρxθ(z)σx(z) + σθ(z)z (4.9)

By injecting equations 4.9 and 4.8 into 4.6, we obtain:

σ2
x(z) = σ2

x(0)− 2σθ(z)z(ρxθ(z)σx(z) + σθ(z)z) + σ2
θ(z)z

2 (4.10)
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After distributing the parenthesis and highlighting σ2
x(0), we finally obtain:

σ2
x(0) = σ2

x(z) + 2ρxθ(z)σx(z)σθ(z)z − σ2
θ(z)z

2 (4.11)

Since we have a second order equation, taking the square root of equation 4.11 allows us to
calculate the spot size in the x direction at the isocenter. The same procedure is applied to
determine the spot size in the y direction.

Consequently, it is possible to compare the spot size at the nozzle with the spot size at the
isocenter.

Methods

Now that the spot size is defined, we can examine the potential effects of uncertainties related
to the spot size on a patient after optimization of the range modulator.

In accordance with the IBA research and development team, we decided to make the spot vary
by 1 mm in each direction.

The BDL used for this experience exhibits the parameters described in Table 4.1, viz a spot size
of 4mm in the x direction (SpotSize1x) (8 mm in total) and 5.5mm in the y direction (SpotSize1y)
(11 mm in total) at the nozzle exit.

Initially, we optimized the hedgehog with this BDL and its associated parameters. Then, Monte
Carlo simulations were performed by adjusting the spot size in the x direction within the range
of 3mm to 5mm with an increment of 0.2mm, and in the y direction within the range of 4.5mm
to 6.5mm with the same increment.

The objective for the delivery beam is to have a spot size as round as possible because a pencil
beam is used to cover all the targets and it is important to have a round beam shape to cover
the target correctly. We studied the difference in spot size shape between the nozzle (where the
beam leaves the apparatus) and the isocenter (where the beam is delivered to the patient).

Figure 4.10 shows that the spot size at the isocenter is more circular than the spot size at the
nozzle.
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Figure 4.10: Difference of spot size for the same beam at the nozzle and at the isocenter

If we consider the double Gaussian model and make a comparison between the isocenter and the
nozzle, we can observe a difference between the two. In Figure 4.11 we find the individual double
Gaussian at the nozzle on the left and at the isocenter on the right.

Figure 4.11: Double Gaussian beam model individually plotted at the nozzle and

If we superpose the 2 graphs (double Gaussian at the nozzle and at the isocenter) we observe
again in Figure 4.12 the difference between the two. This means that, while preparing the
treatment planning, we should know what the characteristics of the proton beam are and where
those characteristics have been measured.
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Figure 4.12: Double Gaussian beam model: superposition of the 2 graphs of Figure 4.11

4.2.5 Spot position

Methods

In this section, our objective was to investigate the effect of spot position uncertainty on the
treatment outcome. During treatment planning, we optimized the dose distribution for spots
positioned relative to the reference point known as the isocenter. The isocenter is located on the
patient’s couch, precisely where the targeted cancer is located. Afterward, equipment calibration
is performed to ensure consistency between the simulation and the actual treatment. However,
this calibration process may introduce uncertainties in the range of tenths-of-a-millimeter. Our
focus is to assess the impact of shifting all the spots, by e.g. 0.5mm. We will analyze the resulting
dose received by the ROI for each isocenter shift, including the percentage deviation from the
prescribed dose and the dose homogeneity.

In Figures 4.13 and 4.14, we present the dose deposition differences between an accurate dose
distribution and a dose distribution with a 3mm shift in the x and y directions. It is important
to note that the chosen value of 3mm is arbitrary and not realistic in practice. In practice, small
shifts are possible, but such a large shift of 3mm is purely for illustrative purposes to highlight
the impact on the dose distribution. The red rectangle is the Volume Of Interest (VOI).

In our simulations, we performed spot shifts ranging from -0.5mm to 0.5mm in both the x and
y directions. However, we did not display the variation in dose deposition on the target volume
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because the differences between the shifted and non-shifted cases were not significant for such
small shifts.

Figure 4.13: Isocenter perfectly calibrated

Figure 4.14: Isocenter shifted by 3mm in each direction

49



4.2. MATERIALS AND METHODS

4.2.6 Air inclusions in the hedgehog

The last parameter we investigated is the impact of the presence of air inclusions in the range
modulator. Since the hedgehog is 3D printed, it is subject to the limitations of the printing
process, such as the potential inclusion of small air bubbles. The presence of these inclusions
can be observed in Figure 4.15, where we can see that they are relatively abundant.

Figure 4.15: Air inclusions in a 3D printed range modulator

The presence of air inclusions can introduce variations in the materials encountered by the
protons. Since these materials have different densities and stopping powers, they can potentially
affect the final dose distribution.

Methods

In this experiment, we consider the presence and position of air inclusions to be random. The
objective is to investigate the impact of these inclusions on the final dose delivery. However, due
to the random nature of this effect, the exact number and location of the inclusions are unknown.

To study the impact of air inclusions on the dose delivery, we conducted an experiment where we
controlled the number of inclusions in the hedgehog. However, the placement of the inclusions
was randomized. To address placement variability, we repeated this random placement process
20 times. This approach allowed us to assess the potential significance of bubble placement in
the overall results.

We conducted a series of experiments in which we progressively increased the number of inclusions
in a logarithmic manner, with increments of 10. This approach allowed us to gain a comprehensive
understanding of when the presence of inclusions may start to pose a significant problem. We
started with a control case where no inclusions were present and then proceeded to evaluate
scenarios with 10, 102, 103, and finally 104 inclusions.

In each scenario, except for the control, we performed 20 iterations with random placement of
the air inclusions. This approach allowed us to assess the effects of increasing bubble quantity
on the final dose distribution.
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Moreover, because of the way we implemented the grid, the lowest resolution for these inclusions
was the size of one pixel which is a 1 mm voxel. This characteristic will be discussed later.

In order to give an idea of what this looks like during the simulation, we can see an example of
this hedgehog in openTPS with 103 air inclusions in Figure 4.16.

Figure 4.16: OpenTPS screenshot of the hedgehog with 103 air inclusions in it

4.3 Results of range modulators robustness study

In this final section, we will conduct an analysis and provide comments on the results obtained
regarding the 3 types of uncertainties. These uncertainties are analyzed by evaluating various
metrics, such as the percentage of deviation or the homogeneity index.

4.3.1 Spot size

As a reminder, in this study the spot size is 8 mm long in the x direction and 11 mm long in the
y direction in total at the nozzle exit. We make it vary by 1 mm in each direction.

First, the most important graph is the variation of the dose metrics associated to DVH (which will
be refered to as Dx from now on) according to the spot size at the nozzle. This variation is shown
in Figure 4.17. We observe that the spot size has a big influence on the delivered Dx. While
the D95 and D50 values show some minor variations, they remain within an acceptable range.
However, the D5 value exhibits a significant difference, with nearly a 4Gy variation between the
two spot sizes. This variation can have implications for the treatment, particularly for the OAR, if
the dose increases excessively between its maximum expected value and the actual delivered dose.
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Figure 4.17: 3D dose variation according to spots size

We decided to normalize this graph by D50:

Dnormalized =
D

D50
×D50,ideal (4.12)

We made this decision because, if we have the possibility to evaluate the spot size just before
the treatment, we could simply adjust the dose by multiplying the weight of each spot by the
ratio between the actual D50 and the ideal D50. The normalized graph is shown in Figure 4.18.
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Figure 4.18: 3D dose variation normalized by D50 ideal

Since we have the distribution probability of the spot size at the nozzle and, the isocenter, we
check whether this small modification has an impact on the dose distribution at the nozzle and
the isocenter. This is shown in Figure 4.19.

Figure 4.19: Dose distribution at the nozzle and at the isocenter

As we can see in Figure 4.19, there is no significant difference, whether the characteristics of
the BDL are calculated at the nozzle or at the isocenter. This is a good thing because it means
that no matter how someone is describing their study (with the characteristics at the nozzle or
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the characteristics at the isocenter) we can still directly interpret their results without having to
recalculate them.

After several discussions with the FLASH team at IBA, they suggested we study the homogeneity.
The Homogeneity Index (HI) is an objective tool to analyze the uniformity of dose distribution
in the target volume (56). In all types of radiation treatment (RT, PT, and FLASH-PT), the
objective is to deliver the maximum of the dose homogeneously to the target volume. Different
formulae exist but for this study, we use the formula which the most commonly used in the
literature (56):

HI =
D5 −D95

Dp
× 100 (4.13)

where D5 and D95 are the minimum dose in the 5% and the 95% of the target volume, and Dp

the prescription dose.

We can interpret this formula as aiming for a value as close to zero as possible. A value close
to zero indicates that the D5 and D95 values are very similar, indicating that the dose is pretty
much the same everywhere over the region of interest.

Figure 4.20: Homogeneity study of the dose through the HI

In our case, our goal is to minimize the variation of the homogeneity index when we change
the spot size. This indicates that the variation in spot size does not significantly affect the
homogeneity of the dose. Unfortunately, we see in Figure 4.20 that we can have a 33 % variation
of the homogeneity index which is non-negligible.

The IBA team also asked us to make a graph of the D95 deviation according to spot size, so as
to better observe in 2D when the D95 will be too far from the prescription. In order to do that,
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we computed the D95 deviation (dd) using this formula

dd =

(
D95

Dp
− 1

)
× 100 (4.14)

with Dp the prescribed dose.
We decided with the IBA team to set a limit at 1% of deviation from the optimized dose because
it seemed a good compromise for staying close enough to the optimized dose. Over this 1% mark,
we consider that the dose starts to be too different from what it should be.

Figure 4.21: Percentage of deviation from the prescription dose

Once again, we can see that the uncertainties on the spot size will have a huge impact on the
delivery dose. As we can see in Figure 4.21, the D95 deviation rises quite rapidly up to 1% which
is not a good thing.

To conclude the results of spot size, we can state that uncertainties about spot size can have
a huge impact on treatment delivery. This means that it is quite important to correctly and
precisely model the BDL before optimizing the hedgehog. And most importantly it is crucial
to ensure that the beams possess the same characteristics as those used for the optimization
because there is not much room for error in this case.

4.3.2 Spot position

During treatment planning, the dose distribution is optimized for spots positioned according to
the isocenter, which may have uncertainties in calibration in the range of tenths-of-a-millimeter.
The experiment aims to study the effects of shifting all spots by a certain amount, such as 0.5mm
in all directions.
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Figure 4.22 depicts a three-dimensional plot illustrating the dose for each potential shift of the
isocenter. As we can see, the uncertainties on the position of the spots do not have a significant
impact on the Dx distribution in the ROI.

Figure 4.22: Dose variation for different spot position

Figure 4.23 shows the percentage of deviation from the prescripted dose, and we can see that
even for extreme conditions the D95 deviates by a maximum of 0.18% which is far away from
the 1% line we chose as a reference (the same line as the one we chose in the spot size section).

Figure 4.23: Percentage of deviation from the prescription dose
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We can also observe that this type of uncertainty does not have a significant impact on the
homogeneity of the dose. As shown in Figure 4.24, we find only a 1.3% difference between an
extreme case of shifting and the ideal situation, and this is not much of a difference.

Figure 4.24: Homogeneity study of the dose through the HI

To conclude this subsection, we can state that whatever the method used to evaluate spot position
uncertainties, it does not have a large impact on spot position. We can conclude that it will
have a minimal impact on dose delivery. This is a really good result since it means that the
actual method used to calibrate the isocenter is valid and precise enough to guarantee a good
distribution of the treatment.

4.3.3 Air inclusions

In this experiment, we aimed to investigate the effect of random air inclusions on the final dose
delivery. To account for the randomness of this phenomenon, we conducted an experiment where
we controlled the number of added inclusions but randomized their placement. We tested for
0, 10, 102, 103, and 104 air inclusions with the size of a voxel (1mm large). Except for the
control group without any inclusions, each condition underwent 20 iterations with randomly
placed air inclusions. This approach allowed us to assess whether the placement of inclusions
could significantly impact the results.

The first result we examined is the evolution of the various DVH metrics: D95, D50, Dmean, and
D5. We can observe these results in Figure 4.25. This graph is quite interesting because, first
of all, it shows the mean value of the 20 iterations for each number of inclusions tested as well
as the standard deviation of these values. As we can see on the graph, the standard deviation
is quite small. This finding allows us to conclude that the random placement of inclusions has
negligible effects and does not significantly impact the delivery of the dose.
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Secondly, we can see that the metrics barely move until the number of inclusions reaches 103.
However, after this value, the impact is quite important. However, the effect of these inclusions
on D5 is not enormous indicating that in the worst case scenario, more cells will receive some
doses but none will receive a much higher dose than they should have.

Figure 4.25: Dose metrics variations according to the number of air inclusions

These results are pretty good because, since the placement of the inclusions does not seem to
have an effect on Dx but rather the number of inclusions, this means our limitation on the
resolution for the air bubble is kind of sorted out. For instance, if we were to examine the impact
of inclusions measuring 0.5mm in size, the results would likely be similar to those with 1mm
inclusions, except that the value would be multiplied by 4. This indicates that the crucial factor
is the overall volume of air remaining in the hedgehog, rather than the specific location of the
air bubbles.

To further explore the relationship between the number of air inclusions and their impact on
the dose, we will examine another metric: the deviation from the optimized or control scenario,
where no inclusions are present in the hedgehog. This metric will provide insights into the extent
to which the D95 is affected by the presence of air inclusions.

As a reminder, we used the same indicator (dd) in Equation 4.14 as for the previous results, this
being:

dd =

(
D95

Dp
− 1

)
× 100

Also note that similar to previous studies, we maintain the one percent line as a reference point
for comparison

In Figure 4.26, we see that three different lines have been drawn.
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The blue line represents the actual results we obtained after our simulations.
The red line is the one percent line taken as a reference to determine whether the effect is too
large or not.
Finally, the green line is a linear regression of these results.

From this figure, we observe that as long as the number of air inclusions remains relatively below
103, we remain below the one percent line.

Although it may be difficult to observe on the graph, there is a linear relationship between the
percentage of deviation and the number of air inclusions in the hedgehog. To further investigate
this relationship, we conducted a linear regression analysis on the results. The regression equation
is reported in Equation 4.15

Y = 1.22× 10−3X − 0.0292 (4.15)

with Y the percentage of deviation from the D95 received with the optimized hedgehog, and X
the number of 1 mm large air inclusions in the hedgehog. Since the placement of the latter has
no direct incidence, the X can be interpreted as a volume in mm3.

These results are encouraging because it seems first of all that the hedgehog is robust against
these air inclusions when their number does not exceed 103. Secondly, once we receive a hedgehog,
a CT scan could determine the volume of air it contains, and we can already be prepared for the
consequences that this could cause.

Figure 4.26: Dose deviation in percentage from the prescription

The third metric we wished to analyze is the homogeneity index (HI) of the dose in the ROI.
This is calculated as before, according to Equation 4.13 which is:
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HI =
D5 −D95

Dp
× 100

The results are shown in Figure 4.27. As can be observed, the graph has the same profile as the
one for dose deviation. We can thus assume that the homogeneity index is linearly correlated to
the volume of residual air in the hedgehog. But once again, it appears that when the number of
air inclusions in the hedgehog is higher than 103, this begins to have a serious impact compared
to the optimized version of the hedgehog.

This result goes parallel to the previous ones, and we can state that finally, the hedgehog is
pretty robust to this phenomenon, since it allows IBA to require this type of quality in their
order, and it seems that asking to have less than 1000 mm3 of air inclusions is not an impossible
task to do.

Figure 4.27: Homogeneity index of the dose in the region of interest

In this section on air inclusions, we would like to get a visual idea of the effect, the changes that
these air inclusions have on the hedgehog.

This is why we will analyze a new parameter that has not been previously examined. Before
conducting this analysis, we will introduce a relevant concept associated with this parameter.
Specifically, we wish to introduce the concept of water equivalent thickness.

Water Equivalent Thickness (WET)

The WET is a measure used in radiation therapy to describe the amount of material that is
capable of attenuating or stopping a beam of radiation.

Globally, the WET considers both the physical thickness and the radiation absorption properties
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of a specific material compared to these of water. Water is commonly used as a reference material
because it closely approximates human tissue’s average radiation absorption characteristics.

So, to calculate the WET, the actual physical thickness of the material (in millimeters, for
example) is multiplied by the relative proton stopping power.

In our case, we wish to analyze the attenuation loss that the hedgehog undergoes with air
inclusions. We first determine the WET of the hedgehog with various numbers of air inclusions
and then compare it to the optimized case.

Of course, since the hedgehog is a complex object that does not have the same thickness
throughout, we compiled a 2D map where the WET is calculated for each pixel of the hedgehog
base as can be seen in Figure 4.28, 4.29, 4.30 and 4.31.

Figure 4.28: 2D WET difference with 10 air
inclusions

Figure 4.29: 2D WET difference with 102 air
inclusions

Figure 4.30: 2D WET difference with 103 air
inclusions

Figure 4.31: 2D WET difference with 104 air
inclusions

From this 2D map, we examined the mean difference that these inclusions make in the WET
and the maximum difference that they usually create. That is represented in Figure 4.32.
We see that the relation between the mean difference and the number of air inclusions appears
to be linear.

Also, we see that when there are 103 air inclusions, there is a mean difference of 1 mm in the
WET, which is our resolution, and that the medium we are shooting at is water.
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So we might think that our results for the dose computation when there are less than 103 air
inclusions are not very precise because the loss of thickness is on average less than our resolution.
But when we examine the maximum difference, we see that for each case, the value is always
at least 1 mm, and this is due to the fact that the wet factor of the hedgehog is quite close
to 1. That means that even though on average we are dealing with values that are below our
resolution, we can still interpret the results because the individual values that are used are in
our resolution range.

Figure 4.32: Mean and max value of the 2D WET difference map of the different hedgehog

In view of the results, it could be said that the placement of the air inclusions does not seem to
have an impact, but rather the total air volume. It also seems that it is when we have a total
of 1000 mm3 of air that arises a problem. All in all, we could say that the hedgehog is quite
robust against these air inclusions since first of all 1000 mm3 of air seems to be an odd number
in reality. Secondly, this could just be a specification required by IBA from their manufacturer.

One could still dispute whether the resolution used during our simulations could cause a bias in
our results but we still consider that it was the best resolution to use.

To conclude this section about the results of the study, we can say that variations in spot size
have a significant impact on dose delivery. Therefore, it is crucial to manage and control these
variations prior to dose administration to ensure consistent treatment outcomes. On the other
hand, uncertainties related to spot position and air inclusions have minimal effects on dose
distribution, as long as they remain within a reasonable range of values.
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Chapter 5

Conclusion and perspectives

In recent times, there has been growing interest in FLASH radiation therapy due to its potential
to reduce the side effects commonly associated with conventional dose rate radiation therapy.
To qualify as a FLASH treatment, a high dose of radiation is delivered over a short period of
time. While more research is needed to fully comprehend the benefits and limitations of FLASH
proton therapy (FLASH-PT) and its underlying mechanisms, an increasing number of studies
are now focusing on treatment planning and delivery in this field. Increasing the dose involves
the use of a new component which can create uncertainties in dose delivery.

In this master’s thesis, we conducted three types of experiments. The first one focused on
assessing the influence of spot size on dose coverage and its the conversion from the nozzle to
the isocenter. The second experiment examined the impact of positional shifts between the
target and the beam delivery, which could arise from a misplacement of the isocenter. Lastly,
we investigated the effects of air inclusions present in the 3D-printed range modulator.

In the first experiment, we observed a significant impact on the dose distribution when changing
the spot size. Deviations from the prescribed dose increased by more than 1%, and degradation
of the dose homogeneity up to 33%, when the uncertainty is 1mm, which is considerable. This
emphasizes the importance of keeping the same spot size during the optimization and treatment
delivery. However, due to the low values of the divergence of the beam usually used for this
treatment, the range of acceptable uncertainties in the spot size is the same whether this
characteristic is taken at the nozzle or at the isocenter.

In the second experiment, we assessed the impact of spot position due to shifts of the target. We
observed that small shifts within a range of 0.5mm in all directions did not significantly affect
the dose distribution. In practical scenarios, it would be challenging to have misplacements of
the range modulator component on the nozzle or the patient, thanks to the rigorous calibration
settings and verifications performed prior to treatment delivery. The impact on dose delivery
was minimal, and even with small shifts, the prescribed dose remained largely unchanged. We
can state that the hedgehog is quite robust to this uncertainty, certainly by its nature. Since the
hedgehog is used to degrade the energy, it will induce scattering that will eliminate the small
uncertainties on the initial conditions of the isocenter placement.
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The final parameter we examined was the impact of air inclusions in the printed range modulator.
The 3D printing process can introduce imperfections such as air inclusions. These inclusions can
affect the path of protons due to the density difference between the Accura ClearVue material
and air. Based on the results of our air inclusion simulations, we observed that for a number
of inclusions less than 103, the dose closely matched the prescribed one. However, when the
number of air inclusions exceeded 103, the dose deviated significantly from the prescription,
the homogeneity of the dose distribution was no longer maintained, and the deviation from the
prescription increased drastically. All these characteristics show that the treatment requires
quality controls to ensure target coverage and treatment efficiency.

Based on our current findings, it can be concluded that, if the level of uncertainty observed
is within an acceptable range and can be addressed prior to treatment delivery, there is no
immediate need to reprint the range modulator using a 3D printer. However, further testing
is required to more accurately assess the quality of dose delivery and its conformity to the
prescribed dose. It is important to note that the treatment planning already incorporates a
margin to account for uncertainties. Furthermore, it is worth considering that the addition of
the range modulator may introduce other types of uncertainties. Exploring the impact of other
types of uncertainties in the context of FLASH proton therapy could be an interesting avenue
for future research if this technique were to be adopted in clinical practice.

An interesting prospect is to integrate this type of tool with the optimization of treatment plans
in order to achieve a robust optimization of the FLASH plan. In this type of option, the aim is
to obtain the most robust plan with respect to the uncertainties considered. The robust plan is
evaluated in the same way as we did, by introducing errors and evaluating deteriorations in the
quality of the plan, in particular using DVH. However, this means that the more uncertainty you
consider, the longer it takes to optimize the plan, and this can quickly take several hours. It is
therefore important to first determine the parameters that have the greatest impact on the dose
and to quantify this impact so as not to consider sources of uncertainty that have little impact.

Our investigation work presents an approach and some insight into the robustness study of the
FLASH method. But it is important to recall that, first, this work did not treat every uncertainty
related to this method. Among others, the impact related to the quality of the impression of the
hedgehog (tower too high or too wide, the curvature of the hedgehog, ...) remains to be studied.

Moreover, it would be important to better quantify the uncertainty sources since the currently
utilized ranges may not provide sufficient assurance that broader ranges should be disregarded.

Finally, it would also be interesting and necessary to consider a wide variety of cases, including
clinical cases and not only synthetic cases.
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