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Abstract
The aim of this thesis is to study the dosimetric feasibility of FLASH proton therapy for early-stage
breast cancer patients. The biological effect of FLASH is seen under ultra-high dose-rates conditions
and is beneficial in the damage to healthy tissue. The FLASH effect could enable the clinical feasibility
of definitive radiotherapy for low-risk early-stage breast cancer patients. Some of these patients can
not receive surgery for medical reasons and definitive conventional radiotherapy carries a high risk of
toxicities. FLASH proton therapy could be a viable option for these patients. The biological FLASH
effect enables to reduce the risk of toxicities by sparing healthy tissue and proton therapy enables to
deliver dose to the cancer cells effectively.

This thesis proposes a pencil beam scanning (PBS) ridge filter simulation set-up to achieve ultra-
high dose-rates. The ridge filter generates spread-out Bragg peak (SOBP) beams that cover a broader
depth of the tumor, avoiding the time-consuming energy switching of conventional PBS. An optimiza-
tion is performed with intensity-modulated ridge filtered beams. SOBP beams with a width of 3 cm
are implemented in the in-house treatment planning software Erasmus-iCycle to generate ridge filter
treatment plans for two patients.

In this study, the dosimetric feasibility is determined by comparing the ridge filter treatment plans to
conventional intensity-modulated proton therapy (IMPT) treatment plans. The clinical acceptability of
the treatment plans is assessed by dose uniformity and dose coverage. Furthermore, toxicity-model
endpoints for fat necrosis and fibrosis are used to evaluate the treatment plans. The generated ridge
filter treatment plans outperform the generated IMPT treatment plans for a FLASH enhancement ratio
between 1.19-1.39 for one of the patients. The other patient required a FER in the order of magnitude
of 2.0.

The results of the study suggest that it is feasible to generate ridge filter treatment plans with the
proposed set-up. However, the dosimetric feasibility comes with limitations in the tumor characteristics
(size and position) and needs further investigation. More knowledge is needed of the optimal ridge filter,
the optimization of SOBP beams, and the FLASH effect before clinically acceptable FLASH-compatible
ridge filter treatment plans can be achieved.
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1
Introduction

Cancer is the world’s second leading cause of death according to the World Health Organization
[61]. The most common treatments for cancer patients are surgery, radiotherapy, chemotherapy, im-
munotherapy, and hormone therapy. Radiotherapy is one of the most widely applied treatment modal-
ities, often combined with surgery or chemotherapy [33].

In radiotherapy, high doses of radiation are delivered to patients to kill cancer cells and shrink tu-
mors. The radiation induces DNA damage to human cells. Radiotherapy aims to irradiate cancer
cells so that cancer cells with severely damaged DNA can no longer repair and divide themselves and
eventually die. However, during the irradiation of cancer cells, it is almost inevitable to also irradiate
the surrounding organs, thereby causing damage to healthy tissue cells. Fortunately, healthy tissue
cells are less sensitive to radiation compared to tumor tissue and are often able to repair themselves.
The dose delivered to organs at risk during radiotherapy is limited to reduce radiation-induced toxicities.

Recently, radiotherapy with ultra-high dose-rates (UHDR) has demonstrated a differential impact on
the damage observed between healthy and tumor tissue. This phenomenon, called the FLASH effect,
has shown promising results in saving healthy tissue while maintaining tumor control.

FLASH as a differential effect in radiotherapy was first discovered by Favaudon et al. [16] in 2014.
This study demonstrated a reduction in damaged healthy lung tissue in irradiated mice with UHDR elec-
tron beams compared to conventional dose-rates. The FLASH effect attracted scientific interest, and
the number of studies related to FLASH radiotherapy has increased since. Besides electron therapy,
studies have investigated the FLASH effect in other radiation modalities, such as photon and proton
therapy. Especially the latter has been highlighted in recent FLASH studies due to its high potential in
combination with FLASH [1, 5, 12, 13, 58].

In this thesis, we will investigate the feasibility of FLASH in current proton treatment planning for
early-stage breast cancer patients. For a complete understanding of the topic, some elementary knowl-
edge of the FLASH effect, proton therapy, and breast cancer treatment is required. These details will
be covered in this chapter. Also, the aim and purpose of this thesis are proposed.

1.1. FLASH effect
FLASH is a biological effect that is seen under ultra-high dose-rates conditions. Conventional radio-
therapy irradiates with dose-rate ≤ 0.03 Gy/s [16] while the FLASH effect is observed at dose-rates
exceeding 40 - 100 Gy/s (UHDR) [5, 57]. In comparison to conventional radiation therapy, beam deliv-
ery with UHDR has shown a significant reduction in healthy tissue toxicity while preserving efficacy in
killing tumor tissue in multiple animal studies [12, 13, 15, 30, 51, 53, 63].

A mechanism that might play a role in the differential FLASH effect is oxygen depletion. UHDR
pulses might cause radiation-induced chemical reactions that occur faster than blood cells can reoxy-
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2 Chapter 1. Introduction

genate [5]. In general, healthy tissue is more oxygenated than tumor tissue, possibly making it more
resistant to radiation. However, recent studies have shown that the role of oxygen depletion might
not fully describe the FLASH effect [8, 28]. Other hypotheses include the kinetics of radicals and an
intrinsic differentiation in oxygen delivery between tumor and healthy tissue microenvironments [14].
Until now, no conclusive evidence has been found on the precise mechanisms behind the FLASH ef-
fect. Nonetheless, the results of in vivo animal studies are promising, and research on the possibility
of bringing it to the clinic has been initiated. In 2019, the first patient was treated with FLASH therapy
using electrons [6] and another clinical trial of FLASH radiotherapy for the treatment of symptomatic
bone metastases (FAST-01) is ongoing (NCT04592887).

1.2. Proton therapy
The physical and radiobiological features of charged particles, such as protons, enable dose delivery
up to the edge of the tumor. In contrast, photon beams irradiate through the whole intersection of the
patient. This difference is illustrated with dose-depth curves of the different radiotherapy modalities,
shown in fig. 1.1. The photon dose distribution curve deposits a relatively high dose over the whole
depth, while the proton curve deposits most of its dose in a peak at an energy-specific depth. The
characteristic peak in the dose distribution curve of protons and carbon ions is called the Bragg peak.
The Bragg peak range depends on the proton beam energy and the material the beam transverses.

Figure 1.1: Dose distribution in water as a function of depth shown for electron (orange), photon (black), proton (red), and
carbon ion (blue) beams [29].

A variation in energy adjusts the range of the Bragg peak and thereby the depth where the majority
of the dose is deposited. This superior physical property makes proton therapy well-suited for deep-
seated targets. Moreover, almost no dose is deposited beyond the Bragg peak, thereby saving healthy
tissue distal (beyond) the target. In order to achieve the same dose in the tumor, less dose has to
be delivered elsewhere, making proton therapy more effective. In fig. 1.2, the difference in dose dis-
tribution between photon and proton therapy is visualized with examples of treatment plans for a lung
tumor. However, it can be seen from both the Bragg peak curve in fig. 1.1 as the example in fig. 1.2 that
with proton therapy there is still some dose deposition proximal (before) to the tumor. Introducing the
FLASH effect in proton treatment could result in a significant improvement, saving both healthy tissue
proximal (due to FLASH) and distal (due to proton physics) to the tumor while preserving tumor control.
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(a) (b)

Figure 1.2: Example of the dose distribution with photon (a) and proton (b) beams in radiotherapy [31].

1.2.1. Pencil beam scanning
The latest advanced proton therapy technology irradiates targets using pencil beam scanning (PBS). A
schematic view of this delivery method is shown in fig. 1.3. A narrow proton beam (typical width of 3 cm
[43]) is used to fully irradiate the tumor, spot by spot, layer by layer [63]. Between the layers, the proton
beam’s energy is changed to adjust the depth of the Bragg peak. Starting with the maximum energy at
the distal edge, the energy is lowered layer by layer until the full depth of the tumor is covered. Dipole
magnets steer the proton beam within each layer to enable the scanning spot by spot.

proximal edge distal edge
tumor

minimum energy
last layer

maximum energy
first layer

pole-faces 

of dipole magnets

first magnet

horizontal

scanning

second magnet

vertical


scanning

Figure 1.3: Schematic view of pencil beam scanning. Edited image from Krämer and Durante [32].

Besides PBS, several methods exist to modify the proton beam to irradiate the target, such as
passive scattering. Passive scattering uses scattering foils to broaden the size of the incident beam.
The incident beam is then divided over a broader beam, and thereby the dose is deposited over a
larger volume, pulling down the dose-rate. As a result, the intensity of the beam is not large enough to
irradiate the target with FLASH-compatible dose-rates.
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Nevertheless, achieving ultra-high dose-rates with conventional PBS systems presents its own chal-
lenges. PBS requires switching of the beam energy during treatment, usually taking 0.1-1.0 s [1] due
to the mechanical displacement of moderator material. With UHDR treatment times ≤ 0.1 s, the spot
scanning speed must be in the order of milliseconds to stay within this time constraint. To reduce the
time of energy degrading, Patriarca et al. [46] proposed the use of a ridge filter, which allows a time
saving by a factor of 5-10. A ridge filter functions as an energy modulator by forming a spread-out
Bragg peak, which will be explained in section 1.2.2.

Figure 1.4: Ridge filter produced by GSI [25]. Figure 1.5: Typical cross-section of a pin in a ridge filter [43].

1.2.2. Spread-out Bragg Peak
A typical ridge filter consists of multiple pyramid-shaped pins, as shown in fig. 1.4. Figure 1.5 shows
the cross-section of these pins. The principle of the ridge filter is that when a mono-energetic proton
beam propagates through, it exits the filter with a spread-out energy distribution.

Protons passing through without interacting with the ridge filter have their Bragg peaks at the range
of the initial energy, while protons hitting the ridge filter are slowed down so that their Bragg peaks end
up earlier in the target. This generates a broad and continuous energy spectrum.

Figure 1.6: Dose-depth curves for photon (blue), proton (red), and spread-out Bragg peak (SOBP) (striped red) beams [40].
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The pullback of the peaks is determined by the thickness of the ridge filter steps, while the weight
of the shifted Bragg peaks is determined by the width of the ridge filter steps. In this way, an initial
proton beam will give a spread-out dose distribution in the patient. The dose distribution looks like a
spread-out of a Bragg peak curve and is therefore named a spread-out Bragg peak (SOBP). Figure 1.6
shows the typical relative dose distributions for a photon beam (blue), a mono-energetic proton beam
(red), and a mono-energetic proton beam passing through a ridge filter (striped red). The spread-out
Bragg peak enables dose delivery to a broader depth of tumor tissue with just one initial energy. The
use of SOBP beams avoids the time-consuming process of switching the beam energy in between
energy layers, which is required in conventional PBS (fig. 1.3).

1.2.3. Treatment delivery
Fractionation
In radiotherapy, including proton therapy, the dose is often delivered in multiple fractions. This is done
because healthy cells are less sensitive to radiation than tumor cells, and fractionation increases the
differential in damage between healthy and tumor cells. The fractionation sensitivity of tissue cells is
expressed in the α/β ratio. Generally, the α/β ratio of healthy tissue is around 3 Gy and the tumor
tissue α/β = 10 Gy. The result of this fractionation difference is that healthy cells are more capable of
repairing from irradiation than tumor cells.

Beam angles
A single proton beam can deliver a uniform dose distribution to the tumor by varying the energy in
between layers, as shown in fig. 1.3. Even though, in proton therapy often several beam angles are
used to further optimize the dose distribution [43]. Dose delivery from multiple angles often improves
precision and increases the dose coverage. The dose to the organs at risk can be limited while the
tumor is irradiated multiple times from different angles. The proton system in HollandPTC (fig. 1.7) can
rotate completely around the patient and irradiate from 360◦.

Figure 1.7: HollandPTC proton therapy system.

Treatment optimization
The main delivery approaches for PBS use single-field optimization (SFO) or multi-field optimization
(MFO), also referred to as intensity-modulated proton therapy (IMPT). With SFO, the dose distributions
of each beam angle are individually optimized, while with IMPT, the dose distributions of multiple beams
are optimized together. The most common application of SFO is a single-field uniform dose (SFUD),
where one or more homogeneous dose distributions are delivered to the target to make a composite
plan. With IMPT, each individual beam will deliver an inhomogeneous dose to the target. The combina-
tion of dose distributions from multiple beam angles together form a homogeneous dose that matches
the shape of the target.
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1.3. Early-stage breast cancer
The investigation of FLASH with spread-out Bragg peak beams can be started in early-stage breast
cancer. More specifically, low-risk early-stage breast cancer patients who can not receive surgery due
to medical reasons. This study proposes definitive radiotherapy with FLASH proton therapy for this
patient group. In breast cancer patients treated with radiotherapy, there is a need to decrease the level
of toxicity [23, 62]. The healthy tissue sparing effect of FLASH proximal to the target could contribute
to decreasing the toxicities.

1.3.1. Current treatment
In the current standard of care, patients with early-stage breast cancer undergo breast-conserving
surgery to remove the tumor. Depending on the presence of tumor cells in lymph nodes and the likeli-
hood of metastases, the patient can be treated with adjuvant radiotherapy and/or chemotherapy. The
standard of care for post-operative radiotherapy is whole breast irradiation (WBI), which is beneficial in
reducing the risk of local recurrence and breast cancer mortality [20].

Fractionation
For many years, the whole breast irradiation dose schedule was a dose of 50 Gy delivered in 25
fractions of 2 Gy. Usually, these fractions are given daily during working days over a period of 5 weeks.
In the case of breast cancer, the α/β ratios of tumor tissue range from 3.0 to 4.8 Gy [2, 24, 47, 52, 60],
meaning that healthy cells and tumor cells have a similar degree of repair after irradiation and no
benefit of conventional fractionation (2 Gy per fraction) is present. The biological rationale to opt for
higher doses per fraction has been investigated in clinical trials studying the effect of hypofractionation
for breast cancer, using fraction doses > 2 Gy. It was found that hypofractionation yields improved
results in tumor control, acute toxicity, and late toxicity compared to conventional fractionation schemes
[3, 52, 60]. These results and the convenience for both patients and radiotherapy facilities to reduce the
number of treatment days resulted in the global implementation of hypofractionation schedules. The
standard post-operative whole-breast treatment schedule in HollandPTC, a center for proton therapy
located in Delft, for early-stage breast cancer is now 40.05 Gy in 15 fractions of 2.67 Gy.

1.3.2. Partial breast irradiation
Hypofractionation has also been implemented in partial breast irradiation. In this treatment, a relatively
high dose is delivered only to the area surrounding the tumor bed (margin of 10-20 mm) since most local
recurrences are expected to occur in the tumor bed region. Due to the volume reduction, the number of
fractions could be reduced even further, resulting in accelerated partial breast irradiation (APBI). The
increased dose results in an increased local recurrence rate in high-risk patients. Therefore, APBI
is only used in selected patients with early-stage breast cancer and low-risk characteristics, such as
relatively small tumor volumes. A common treatment schedule for hypofractionated APBI is 10 fractions
of 3.85 Gy. Over the last few years, the COVID-19 pandemic has pushed even more on reducing the
number of treatment days. In HollandPTC, this resulted in the standard fractionation schedule for partial
breast of 5 fractions of 5.2 Gy, delivered every working day for one week.

1.3.3. Definitive radiotherapy
The favorable results in the efficacy and safety of APBI have stimulated research in pre-operative
radiotherapy. With pre-operative APBI, the size of the tumor lesion can be reduced, which enables to
undergo breast-conserving surgery for a larger patient group [24, 41, 44]. Some studies even suggest
the possibility of a definitive radiotherapy treatment with curative intent [9, 35, 54, 62]. This treatment
could benefit low-risk patients who cannot receive surgery due to medical risk factors, e.g., age.

Compared to post-operative radiotherapy, where the tumor bed is already removed, a definitive
treatment requires a substantial increase in dose to kill all tumor cells. This increase in dose carries
toxicity risks, given that the organs at risk with breast cancer radiotherapy are dose-limiting [52].
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1.3.4. Treatment toxicities
The main radiation side-effects found in breast cancer patients treated with hypofractionated radiother-
apy are necrosis in surrounding fat tissue, and fibrosis [22]. Fat necrosis is an inflammatory process
that causes the death of cells. Most cases of fat necrosis occur after surgery or radiotherapy. With
conventional dose schedules, fat necrosis is not a common complication. However, with the increased
doses given in hypofractionated schedules, this has been observed [35, 56, 60]. Breast fibrosis is one
of the most concerning toxicities of radiotherapy for healthy breast tissue surrounding the tumor. It is
associated with poor cosmetic outcomes, and severe fibrosis can even lead to functional impairment
[4]. Both toxicities are related to the dose given to healthy breast tissue. The healthy tissue sparing
effect of FLASH in proton therapy could offer a suitable treatment by reducing these radiation toxicities
in the breast tissue (due to FLASH) and possibly sparing organs at risk distal to the target, such as the
heart and lungs (due to proton therapy).

1.4. Research goal
The purpose of this study is to investigate the feasibility of FLASH proton therapy with spread-out Bragg
peak beams for definitive treatment for low-risk early-stage breast cancer patients who cannot receive
surgery due to medical reasons. The aim is to determine the magnitude of the FLASH effect required
to generate clinically acceptable plans with the proposed ridge filter beam set-up.

Treatment plans are generated using the in-house developed multi-criteria optimizer iCycle of Eras-
mus Medical Center (Erasmus MC) for IMPT plans [7]. Spread-out Bragg peak beams are simulated
from a ridge filter set-up and implemented in iCycle. Different magnitudes of the FLASH effect are
applied to the generated ridge filter treatment plans and evaluated using constraints from conventional
proton therapy and dosimetric parameters for both fibrosis and fat necrosis. The evaluation results are
compared to IMPT treatment plans in order to determine the magnitude of FLASH for which the ridge
filter treatment plans give improved or similar results.

The thesis project started with a systematic review of the literature about the biological, technologi-
cal, and clinical aspects of FLASH proton therapy, which can be found in appendix A. After the required
theory in this chapter, the next chapter will elaborate on the methodology of generating a treatment plan
with ridge filter generated spread-out Bragg peak beams. The results of the treatment plans for breast
cancer patients will be shown in chapter 3 and discussed in chapter 4. Ending with the conclusions in
chapter 5.

This thesis is performed at Delft University of Technology (TU Delft) and Erasmus Medical Center
(Erasmus MC) in collaboration with Holland Proton Therapy Center (HollandPTC).





2
Methodology

In this chapter, the methods used in the thesis are described. First, the details of patient data are
discussed. This is followed by the methodology of generating the treatment plans, including the imple-
mentation of ridge filter beams in the in-house treatment planning system from Erasmus MC. Moreover,
the choice of dose fractionation schedules is explained. A metric is given to apply the FLASH effect to
the ridge filter treatment plans. Finally, evaluation metrics are stated to analyze the generated treatment
plans on clinical acceptability and toxicity-model endpoints.

2.1. Patients and CT scans
The patient data available are anonymized CT (computed tomography) data of breast cancer patients
eligible for accelerated partial breast irradiation (APBI). No tumor tissue is visible on the CT because
this data is post-operative. To delineate the tumor bed, surgical markers that are placed during surgery
at the edges of the tumor are used. In this way, the post-operative CT data is used as if the clinical
target volume (CTV) contained the tumor bed (gross tumor volume, GTV), see fig. 2.1. The included
patients followed the 2017 ASTRO selection guidelines [10] for APBI, a Tis or T1 tumor ≤ 2.5 cm, and
patients aged ≥ 50 years.

Figure 2.1: Visualization of the target volume concepts in radiotherapy: gross tumor volume (GTV), clinical target volume
(CTV), and planning target volume (PTV). GTV is defined as the visible tumor in images and in this study defined by the

surgical markers, CTV includes a margin for invisible tumor cells, and PTV includes a margin for uncertainties as delineation of
patient set-up and organ movements.

9
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2.2. Treatment planning
FLASH-compatible ridge treatment plans are generated by implementing spread-out Bragg peak (SOBP)
beams in the existing Erasmus-iCycle IMPT optimization. The FLASH effect is applied in the ridge filter
treatment plans and compared to conventional IMPT treatment plans to assess the clinical acceptabil-
ity. For all treatment plans, dose-fractionation schedules are suggested to ensure tumor control while
limiting toxicity.

2.2.1. Erasmus-iCycle
The treatment plans are created using Erasmus-iCycle [7]. This in-house developed treatment planning
software is a multi-criterial beam-profile optimizer using a wishlist. In the wishlist, planning constraints
and prioritized objectives are specified. The constraints are fixed while the objectives are strived to be
achieved and optimized one by one in order of priority. When a current objective is achieved, the next
objective will be optimized, and so on. The optimization is an iterative process and results in Pareto-
optimal plans, meaning that it is impossible to improve one objective without deteriorating another.
The wishlist is defined by the user and can be used to automatically generate treatment plans for a
population of patients with the same tumor site [7].

Wishlist
General wishlists are created for patients with left- and right-sided breast cancer. Since Erasmus MC
currently does not treat partial breast patients with definitive radiotherapy, a new wishlist was created
based on the ICRU recommendations [26, 27] and in collaboration with a medical physicist.

The constraints and objectives of the wishlists can be found in appendix B. There are seven con-
straints and objectives, mainly defined for the minimum and maximum dose in the target volume and
the maximum dose in the healthy breast tissue. All the constraints and objectives are defined relative to
the prescribed dose, so a different dose-fractionation schedule only requires adjusting the prescribed
dose and the number of fractions. Also, the number of beams and beam angles could be adjusted in
the wishlist.

2.2.2. Spread-out Bragg peak beams
SOBP beams are implemented in Erasmus-iCycle, which has been performed in the master thesis
project of Meijer [39]. Meijer developed a ridge filter model to generate FLASH-compatible proton
beams for treatment planning in Erasmus-iCycle. The proposed ridge filter model uses PBS with a
ridge filter and a compensator to degrade the energy, visualized in fig. 2.2. The ridge filter set-up is
implemented in a simulation of the HollandPTC beamline to simulate the SOBP beams exiting the ridge
filter. Subsequently, code is written to enable optimizing treatment plans with SOBP beams instead of
pristine Bragg peak beams. This section will provide a summary of the implementation performed by
Meijer [39].

ridge filter

compensator

dipole magnets

proximal edge distal edge

tumor

minimum energy
last layer

maximum energy
first layer

Figure 2.2: Schematic overview of pencil beam scanning with ridge filter and compensator set-up. Edited image from Krämer
and Durante [32].
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Set-up
The set-up presumes a maximal initial proton beam energy to realize the highest achievable dose-
rate. For the HollandPTC beamline, this maximum is 244 MeV. This is the initial energy of the beam,
visualized as the red line in fig. 2.2. The dipole magnets steer the proton beam to the lateral positions
of the tumor. Next, the proton beam transverses through the compensator. The compensator is placed
to slow down the proton beam to the energies belonging to the required energy layer (depth of the
tumor). Besides this variation in energy, there is a static compensator (range shifter) present that shifts
the proton beam range by 57 mm. The slowed-down proton beam then propagates through the ridge
filter and exits with a spread-out Bragg peak. In this way, the tumor can be irradiated with SOBP beams
instead of pristine Bragg peaks, as with conventional PBS. The ridge filter and compensator are placed
as near to the patient as possible to limit additional scattering. The next section describes how this
set-up is simulated to acquire a database with SOBP beams that can be implemented in iCycle.

Ridge filter data
The SOBP database is generated by Monte Carlo simulations of the HollandPTC R&D (research and
development) beamline. First, the beam characteristics of the proton beam are implemented in the
simulation and the conventional proton beam set-up is simulated for energy levels from 70 to the max-
imal beam energy of 244 MeV. The pristine Bragg peak dose-depth curves found in the simulation are
compared and validated to those found in real measurements performed by Varian, manufacturer of
the proton therapy system used in HollandPTC. Second, a ridge filter is placed in the simulation setup.
This ridge filter is a 3D file of an existing ridge filter, produced by GSI and designed to give a spread-out
Bragg peak of 3 cm for a beam energy of 154 MeV. A visualization of the 3D file of the ridge filter is
shown in fig. 2.3. From the simulation set-up with the ridge filter, the energy spectra of the SOBP are
retrieved and compared to measurements executed in the master thesis of Ibrahimi [25].

(a) Top view. (b) Cross section view.

Figure 2.3: 3D model of the ridge filter used to create the SOBP database in the thesis of Meijer [39].

Since the iCycle proton optimization algorithm is based on pristine Bragg peak pencil beams, it is
convenient to rewrite the simulated SOBP energy spectra as a weighted sum of pristine Bragg peaks
of HollandPTC beamline pencil beam energies. A non-negative linear least squares optimization is
performed to approximate the combination of pencil beam energies to build up each SOBP energy
spectrum. In this optimization, the spacing between the pencil beams of one SOBP is restricted by a
range difference of approximately 3 mm. For energies under 200 MeV, this is approximately 3 MeV
and for energies above 200 MeV this is an energy difference of approximately 2 MeV. The result is
a database where each SOBP energy level from the Monte Carlo simulation is built up of a weighted
sum of 8 - 10 pristine Bragg peaks with energies from the HollandPTC beamline. This database only
contains nominal SOBP energies between 110 - 244 MeV, because the energy spectra below the 110
MeV could not be approximated with the energies from the HollandPTC beamline (70 - 244 MeV) [39].



12 Chapter 2. Methodology

To sum up, the final SOBP database contains for every SOBP energy level 8 - 10 energies and
8 - 10 accompanying weights. Figure 2.4 shows the SOBP dose-depth curve for 154.04 MeV from
the database, built up out of nine weighted pristine Bragg peak beams of pencil beams within the
HollandPTC beamline.
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Figure 2.4: Example of an SOBP relative dose-depth curve (red) in water from the SOBP database with energy 154.04 MeV,
built up out of nine weighted pristine Bragg peak beams (striped).
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Figure 2.5: Dose-depth curves in water of SOBPs from the database. The minimal (110.42 MeV) and maximal (244.00 MeV)
SOBP energies are shown in respectively red and blue.
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Patient exclusion
The final SOBP database limits the group of patients eligible for this study. As can be seen in fig. 2.5, the
range of the SOBP database in water is approximately 7.0 - 35.5 cm in water (looking at the 95% relative
dose). However, the depth of the proton beam depends on the material it transverses. Compared to
water, the SOBP will end up slightly deeper in the patient since breast tissue is primarily made up of fat
tissue, which has a slightly lower density than water (∼0.9 g/cm3 [38] versus 1.0 g/cm3). Moreover,
the static range compensator of 57 mm of the set-up decreases the range by 5.7 cm. With the limited
range of the used SOBP database, it is expected that it will not be feasible to generate treatment plans
for tumors located outside the range of roughly 2.5 - 30 cm. Therefore, these patients will be excluded
from this study.

2.2.3. Implementation in iCycle
The Erasmus-iCycle code for IMPT treatment plans is adjusted for the implementation of SOBP beams.
Proton treatment optimization starts with the challenge of pencil beam reduction. If all the possible
pencil beams laying within the target volume would be used, this would result in far too many pencil
beams. Aside from the time-invasive optimization, actual treatments would be too time-consuming. It
is therefore desired to reduce the number of pencil beams while striving for clinically acceptable dose
distributions. In this thesis, the initial pencil beam selection is defined on a regular grid with relative
energy spacing, which will be explained in the following paragraphs. The implementation of the SOBP
is included later in the optimization, after the initial pristine Bragg peak pencil beam selection.

Regular grid
In the IMPT code, two methods of pencil beam selection are implemented by Water van de et al. [59]:
resampling and regular grid. With resampling, the multi-criterial optimization is repeated. Starting
with a random sample of candidate spots laying in the target volume, spots with small contributions
are excluded during each iteration and a new sample of random spots is added. However, FLASH-
compatible SOBP beams have a restriction in the localization of spots. Because switching beam energy
during treatment is too time-consuming for UHDR, as discussed in section 1.2.1, only one energy can
be used for every lateral position. Where the Bragg peak depths in an IMPT treatment plan can be
randomly placed, SOBP beams require the pristine Bragg peak beams belonging to one SOBP to be
placed in the same lateral position. It is therefore chosen to select candidate pencil beams with the
regular grid optimizationmethod, where the optimizer is restricted to only use spots laying on a specified
grid, shown in fig. 2.6. In this study, a regular grid with a lateral spacing of 5 mm is used.

lateral position

proximal edge distal edge
tumor

minimum energy
last layer

maximum energy
first layer

Figure 2.6: Visualization of pencil beam spot selection with a regular grid for the lateral spot position.
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Energy layers
Where the regular grid covers the lateral position of the pencil beam spots, the distal spacing is de-
termined by the energy layers, see fig. 2.6. The HollandPTC beamline could provide an energy layer
approximately every 0.1 cm. Thus for a tumor size of 3 cm, 30 energy layers would be suitable. How-
ever, in clinical IMPT a much larger energy spread is used, partly because of the irradiation time and
partly due to the minimal weight per pencil beam. Besides, that many energy layers might not even be
needed to have a clinically acceptable dose distribution. To reduce the number of energy layers in the
optimization in this study, relative energy spacing is used. First, the maximum beam energy is deter-
mined by the depth of the distal edge of the tumor. The pencil beam energy belonging to this depth is
used as a starting point. Subsequently, the depth of the energy layer next in line is compared to the
width of the current Bragg peak. If the depth of the current energy layer minus the width of the Bragg
peak is lower than the depth of the next considered pencil beam, the overlap between the two Bragg
peak curves is too close and the considered pencil beam will be skipped, fig. 2.7a. The comparison
continues until the next energy layer has a depth lower than the current depth minus the Bragg peak
width, fig. 2.7b. That energy layer will be the starting point for the next comparison. This process is
repeated until the proximal edge of the tumor is reached and the minimum energy layer is found. In the
optimization in this study, a relative energy spacing of 1 is used at 80% relative dose, meaning that the
energy spacing must be at least 1 Bragg peak distance at 80% relative dose.
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(a) Bragg peaks for pencil beam energies 135.84 MeV (blue) and
133.42 MeV (red).
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(b) Bragg peaks for pencil beam energies 135.84 MeV (blue) and
130.98 MeV (red).

Optimization
The optimization starts with a selection of candidate pencil beams on a regular grid with relative energy
spacing, based on the patient CT and chosen beam direction. This results in a list of potential pencil
beams with specified energy and lateral position (x and y positions on the regular grid).

Subsequently, the candidate pencil beams with energies below 110 MeV are removed from the list
(described in section 2.2.2). The remaining pencil beams are replaced by the SOBP beams from the
same energy from the database, consisting of 8 - 10 weighted pencil beams. This gives an extended
list of pencil beams with specified energy, lateral positions, and weights. The pencil beams belonging
to one SOBP beam have the same lateral position and relative weights.

Next, the dose deposition matrix for the extended list of pencil beams is calculated. This dose
deposition matrix describes the dosimetric impact of one pencil beam for one monitor unit (MU) on a
voxel in the patient. The monitor unit values could be interpreted as the minimum irradiation time per
pencil beam.

The dose-deposition matrix is the input for the multi-criteria optimization together with the objectives
and constraints of the wishlist. The result is a matrix that contains the optimized monitor unit values
for each pencil beam, which together with the dose deposition matrix, gives the dose delivered to each
voxel in the patient.

After the multi-criteria optimization, the SOBP beams with low monitor unit values are removed. By
removing pencil beams with low monitor values, only pencil beams that have a significant contribution
to the dose remain. This is done through an iterative process.
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In the final step of the optimization in iCycle, double lateral positions are indexed and the SOBP
beams with the lowest weight are removed as only one energy can be chosen for every lateral posi-
tion. With the remaining SOBP beams and their unique lateral positions, the final dose calculation is
performed.

2.2.4. Dose-fractionation schedules
Fractionation
The α/β ratio for breast cancer ranges in literature from 3.0 to 4.8 Gy [2, 24, 47, 52, 60]. Based on this
literature and discussions with radiotherapist-oncologist in HollandPTC, an α/β ratio of 3 Gy is used
in this study. With this α/β ratio, healthy cells and tumor cells have the same degree of repair after
irradiation so there is no biological benefit of fractionation.

For FLASH proton therapy, there is a benefit of fractionation since it enables dose delivery from
different beam angles. Changing beam angles during one fraction of treatment requires shifting the
gantry and couch. With FLASH dose delivery this would be too time-consuming such that the average
dose-rate will be compromised far below the FLASH dose-rate threshold of 40 Gy/s. Therefore, FLASH-
compatible irradiation with multiple beam angles does require multiple fractions. Additionally, FLASH
proton therapy is clinically limited to hypofractionated treatments due to its fraction dose threshold of 7
Gy [37].

It is unclear to what extent the FLASH effect remains when healthy tissue is irradiated more than
once during one fraction. This can be overcome by single beam per fraction (SBPF) delivery. SBPF is
a treatment approach with one or more fractions, where in each fraction a uniform dose from one beam
angle (SFUD) is delivered to the target to ensure tumor control. Habraken et al. [21] investigated the
trade-off between the FLASH effect and the loss of fractionation in FLASH-enhanced SBPF versus all
beams each fraction. They found that for a FLASH enhancement ratio (FER) ranging from 1.3 to 1.1
the FLASH effect outweighs the loss of fractionation in proton therapy of lung lesions. In this thesis,
the ridge filter treatment plans are designed using the SBPF approach. Thus the number of fractions
of a ridge filter treatment plan is equal to the number of selected beam angles.

Dose level
The biological effect of dose-fractionation schedules is expressed in the biologically effective dose
(BED), eq. (2.1). The equation for BED is derived from the Linear Quadratic (LQ) model1. Fractionated
treatments with equal BED will result in an equal biological effect and are called iso-effective. Moreover,
the BED of consecutive fractionated treatments can be summed to calculate the biological effect of the
overall treatment.

BED = D ·
(
1 +

D

N · α/β

)
(2.1)

With D the total dose delivered in N fractions and α/β the radiosensitivity of the tumor tissue.

As mentioned in section 1.3.1, the current treatment schedule for postoperative radiotherapy in
Erasmus MC is 15 fractions of 2.67 Gy for whole breast irradiation and 5 fractions of 5.2 Gy for partial
breast irradiation, giving a BED of relatively 75.70 Gy and 71.07 Gy. However, the dose delivered
during postoperative radiotherapy is intended to reduce local recurrence of tumor cells and is delivered
after the tumor is removed, while with definitive radiotherapy the number and density of tumor cells are
significantly higher. Therefore definitive radiotherapy requires a different dose-fractionation schedule
than postoperative radiotherapy.

1The cell survival is expressed in the surviving fraction SFd = e−(αd+βd2) with d the dose per fraction. For fractionated
treatment with N(= D/d) fractions, the cell survival is expressed by:

SFNd = (SFd)
N = e−N(αd+βd2) = e−(αD+βD2/N) = e−α·BED
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Definitive radiotherapy for early-stage breast cancer has been investigated in multiple studies. Re-
cent phase I and II trials use hypofractionation schemes of 5 fractions of 10 Gy [35] and even single
fraction doses up to 25 Gy [54], having biological effective doses in a range of 168.00 - 233.33 Gy.
Most of these clinical trials are still ongoing, however, the study of Horton et al. [24] is one of the trials
that published the first results. Single fraction doses of 15, 18, and 21 Gy were delivered with pho-
ton therapy to three patient cohorts and at a median follow-up of 23 months, no local occurrences or
dose-limiting toxicities were noted. The cosmetic outcomes were good and long-term toxicities were
low. These results have led to an increase in the initiation of clinical trials for preoperative early-stage
breast cancer patients, mostly investigating single fraction IMRT with a dose of 21 Gy: NCT03520894,
NCT01727011, NCT02482376, and NCT02212860 [62].

In this study, iso-effective dose-fractionation schedules of a single fraction dose schedule of 21 are
used. So all fractionation schedules will have the same BED as the BED of 1 fraction of 21 Gy (168.00
Gy). This dose level is chosen because it has shown sufficient efficacy in tumor tissue in literature
[9, 24, 44] with good cosmetic outcomes, no local occurrences, and a low number of chronic toxicities.
As the aim of this study is to generate clinically acceptable plans it is important to assure tumor control
such that the possible benefits of the FLASH effect for healthy tissue can be investigated.

Schedules
The iso-effective dose schedules of 21 Gy in a single fraction are determined and listed in the second
column of table 2.1. The maximum number of 5 fractions is chosen because the FLASH effect comes
with a fraction dose threshold of 7 Gy [37]. Therefore, the benefit of FLASH on healthy tissue is not
expected to play a role if the dose per fraction is nearby the 7 Gy, which is the case for more than 5
fractions with a BED of 168 Gy.

Table 2.1: Dose-fractionation schedules of the ridge filter and IMPT treatment plans.

Number of beam angles Ridge filter IMPT
1 1 x 21.00 Gy 1 x 21.00 Gy
2 2 x 14.45 Gy 1 x 21.00 Gy
3 3 x 11.55 Gy 1 x 21.00 Gy
4 4 x 9.83 Gy 1 x 21.00 Gy
5 5 x 8.65 Gy 1 x 21.00 Gy

The IMPT treatment plans in this study are all single fractions of 21 Gy. Because IMPT is planned
as a multi-field optimization, multiple beam angles can be delivered during one fraction. To be able
to compare the fractionated ridge filter treatment plans with the single fraction IMPT plan, the ridge
filter treatment plans will be recalculated to the equivalent single fraction dose Deq. This can be done
by summing the BED of each individual fraction and determining the dose for the case of 1 fraction
by solving eq. (2.2). With the dose-fractionation schedules in table 2.1, the equivalent single dose
distribution should have a dose level of 21 Gy.

BEDsum = BEDfraction1 + BEDfraction2 + ... = Deq ·
(
1 +

Deq

N · α/β

)
(2.2)

In this research, beam angle optimization is not considered, so the same beam angles are chosen in
a range of 0 - 50◦ for all plans. This is done manually based on the results for the homogeneity indices.
The beam angles are defined for left-sided breast cancer and have a minus sign for right-sided breast
cancer, as shown in fig. 2.8.



2.2. Treatment planning 17

Figure 2.8: Axial plane of a CT scan of a torso with visualized beam directions. For left-sided breast cancer, the beam angle
range is between 0◦ and 50◦ and for right-sided, the beam angle range is between 0◦ and -50◦.

2.2.5. FLASH effect
A measure to express the FLASH effect is the FLASH enhancement ratio (FER) metric, eq. (2.3). This
is the ratio of dose resulting in the same biological effect delivered with a conventional dose-rate (IMPT
in this study) versus an ultra-high dose rate (FLASH proton therapy). To simulate the FLASH effect
in our ridge filter treatment plans, the dose in all healthy tissue voxels will be reduced by the FER.
Since FLASH is considered a fraction dose effect [37], the FER will be applied to each fraction dose.
Besides, the FLASH effect comes with a fraction dose threshold of 7 Gy. This means that the differential
reduction is only seen if the healthy tissue receives more than 7 Gy. Therefore, the FER is applied to
the physical fraction doses of all healthy tissue voxels receiving > 7 Gy.

Figure 2.9: Visualization of the voxels where the FER is applied in pink, all voxels in the breast excluding the CTV. From the
inside to the outside the red, orange, yellow, and pink delineations represent respectively the GTV, the CTV, the PTV, and

mamma ipsilateral (the breast, either left or right, where the tumor is located).

This study focuses on the toxicities to healthy breast tissue where all breast tissue voxels excluding
the clinical target volume are considered healthy tissue voxels, as shown in fig. 2.9. The exact magni-
tude of the FLASH effect remains unknown, so in this study FERs from 1.0 (no FLASH effect) to 2.0
(100% damage reduction) are considered in steps of 0.1.

FER =
DFLASH

DIMPT

∣∣∣∣∣
Same biological effect

(2.3)
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2.3. Analysis
The generated IMPT and ridge filter plans are all assessed on metrics for the clinical acceptability
of plans (dose uniformity and coverage) and toxicity-model endpoints (fibrosis and fat necrosis). It is
expected that ridge filter treatment plans will underperform compared to the IMPT treatment plans since
ridge filter beams have limitations in spot selection. However, the FLASH effect might compensate for
this. Therefore, different values for the FER will be applied to the ridge filter plans and analyzed by the
metrics explained in this section to determine the magnitude of FER for which the ridge filter treatment
plans benefit the IMPT treatment plans.

2.3.1. Dose uniformity & coverage
Homogeneity
A common evaluation metric for the dose uniformity of a treatment plan is the homogeneity index (HI)
of the planning target volume (PTV), eq. (2.4). D2% and D98% represent the near maximum and near
minimum absorbed dose in the PTV. The HI describes the uniformity of a dose plan. In an optimal
homogeneous plan all voxels in the PTV receive the prescribed dose Dpr, giving a negligible difference
betweenD2% andD98% and therefore HI will go to 0. The ICRU [27] recommendations prescribe 107%
and 95% of the prescribed dose for the near maximum and near minimum dose, so a homogeneity
index of 0.12.

HI = D2% −D98%

Dpr
(2.4)

In this study, all treatment plans are scaled such that 98% of the PTV receives 95% of the prescribed
dose. When comparing plans with the same prescription dose, the D98% will have the same value, so
eq. (2.5) will be used as the evaluation metric for the homogeneity.

HI = D2%

Dpr
(2.5)

Recalculating the values for eq. (2.4) results in a maximum HI of 1.07 (107%) for eq. (2.5) of a clinically
acceptable dose plan.

Conformity
To express the dose coverage of a treatment plan, the conformity index is used, eq. (2.6).

CI = V95%

VPTV
(2.6)

V95% is the volume of the breast that receives 95% of the prescribed dose in cc (cm3) and VPTV is
the planning target volume in cc. A conformity index of 1 corresponds to an ideal coverage, as the
volume receiving 95% of Dpr is equal to the PTV. A conformity index greater than one indicates that
the irradiated volume exceeds the target volume and covers part of the healthy tissue. With FLASH, it
is expected that the volume receiving dose will be decreased so the CI will decrease. Because of the
decreased dose in healthy tissue, the risk of developing fibrosis and fat necrosis will be reduced.

2.3.2. Fibrosis
To estimate the risk of breast fibrosis, multiple normal tissue complication probability (NTCP) models
have been proposed. In this thesis, the model of Avanzo et al. [2] is used. This NTCP Lymanmodel [36]
uses the biologically equivalent uniform dose (BEUD) where the equivalent uniform dose (EUD) is the
dose that is assumed to produce the same toxicity probability as the inhomogeneous dose distribution
when delivered uniformly.

EUD ≡

(∑
i

vi(Di)
1
n

)n

(2.7)

In eq. (2.7) vi is the relative sub-volume of the healthy breast tissue irradiated with doseDi. The volume
effect of the irradiated tissue is described by parameter n. Equation (2.7) is actually a generalized
average where the volume effect is added. With n = 1, the EUD is equal to the average dose, the
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weighted sum of the relative volumes vi receiving doseDi. However, if the volume effect n is decreased,
eq. (2.7) will tendmore toward themaximum dose, indicating an organ at risk where complication occurs
already when a small volume receives too much dose.

In order to investigate the biological effect of fractionated uniform dose delivery, the EUD is corrected
for the α/β ratio, the number of fractions N in which the dose is delivered, and the repair factor h in
between fractions to determine the BEUD:

BEUD ≡ EUD
(
1 +

EUD
N · α/β

[1 + h]

)
(2.8)

For conventional fractionation schedules (fractions given once a day) it is assumed that complete
repair of healthy tissue cells occurs overnight, with a repair factor h = 0. If for example, two fractions
are given on the same day, there is less time for healthy tissue to recover from sublethal damage so
the biological effect of the fractioned schedule will be higher, indicated with h > 0.

The BEUD indicates the biological effect of the dose distribution if it would be delivered uniformly.
To determine the risk of fibrosis to the healthy breast tissue, the BEUD of the ipsilateral breast without
the tissue in the CTV is calculated. The ipsilateral breast is the breast (left or right) where the tumor
is located. The BEUD is then compared to BEUD50, eq. (2.9), the BEUD where there is 50% risk on
developing fibrosis, with m the slope of the dose-response curve. This results in X, a measure of the
damage in the breast tissue. The normal tissue control probability is then the integration of the area
under the gaussian distribution to the level X, eq. (2.10).

X =
BEUD− BEUD50

m · BEUD50
(2.9)

NTCP =
1√
2π

∫ X

0

e
−
(

2

2

)
dx (2.10)

In the analysis of the treatment plans, the risk of ipsilateral breast fibrosis is determined with a fixed
α/β ratio and complete repair because the dose is delivered in not more than one fraction a day. The
parameters used from the model of Avanzo are: BEUD50 =107.2 Gy, n =0.06 and m =0.22 for an
α/β =3.0 Gy and h =0 [2]. In fig. 2.10 the curve of the NTCP with a BEUD of 107.2 Gy is shown.
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Figure 2.10: Normal tissue control probability of developing fibrosis curve. The marker indicates the value of BEUD50 =107.2
Gy where the risk of developing fibrosis is 50%.
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2.3.3. Fat necrosis
Fat necrosis as a side-effect of hypofractionated radiotherapy has been observed in partial-breast ir-
radiation studies with electron, and photon beams [48, 55, 56]. The study of Vicini et al. [56] treated
patients using photon beams with accelerated partial-breast irradiation (APBI). The patients with a tu-
mor size ≤ 3 cm were treated post-operative after surgery with a dose of 34-38.5 Gy in 10 fractions
given twice daily. Toxicity results were scored based on the radiation therapy oncology group toxicity
grade [11]. In 8% of the patients, fat necrosis was reported, equally divided into grade I (painless) and
grade II (painful) symptoms. Veronesi et al. [55] used intraoperative electron therapy to deliver a dose
of 21 Gy. Of the 590 treated breast cancer patients with tumor sizes ≤2.5 cm in diameter, fat necrosis
was reported in 15 patients (2.5%). It was noted that the complication occurred mainly in patients aged
above 70 years with relatively more fat tissue in the breast. Both studies stated that no conclusions on
dose constraints could be drawn due to the low incidence of fat necrosis.

A recent report from Rahimi et al. [48] studying the development of fat necrosis after PBI does con-
clude on dosimetric and physiologic parameters. This dose-escalation phase I trial included 75 patients
with tumor size ≤ 3 cm. The patients were divided into five cohorts, each with different dose schedules
varying between 30 - 40 Gy in five fractions. Dosimetric parameters, fractionation, the maximal dose,
and the ipsilateral breast volume were considered for the evaluation. The results were graded with
grade I and grade 2, respectively painless and painful fat necrosis. Of the 75 patients, 11 developed fat
necrosis, of which five grade 1 and six grade 2. The results were translated into dosimetric recommen-
dations, which will be used in this thesis to include the risk of fat necrosis in our evaluation of FLASH
treatment plans, table 2.2. As these recommendations are based on dose schedules with five fractions
and all the treatment plans in this study are recalculated to a single fraction, the recommendations
are translated to a single fraction using eq. (2.1). The volume factors VXGy in table 2.2 represent the
volumes of the healthy breast tissue in cm3 receiving ≥ X dose.

Table 2.2: Dose constraint recommendations for partial breast irradiation to prevent painful necrosis in patients with breast
volume greater than 1000 cm3 [48], recalculated to a single fraction with an α/β ratio of 3 Gy.

Factor Constraints
Maximal dose Dmax 23.14 Gy
V18.34 Gy 95 cm3

V19.53 Gy 85 cm3

V20.66 Gy 50 cm3

V21.79 Gy 20 cm3

V22.92 Gy 1 cm3

Planning target volume ≤ 100 cm3

Unfortunately, the constraint recommendations of Rahimi et al. [48] are not yet expressed in a
normal tissue control probability curve for healthy breast tissue. Therefore, no analytical number can
be given to the risk of developing fat necrosis. It is assumed that no painful fat necrosis will develop
with treatment plans that meet the dose constraints.



3
Results

In this chapter, first the characteristics of the patients are stated followed by the results of the IMPT and
ridge filter treatment plans for one patient. Results from the second patient can be found in appendix C.

3.1. Patient data
The study included two patients eligible for APBI and where the tumor is located in the range of 2.5 -
30 cm. In table 3.1 the volumes of the GTV, PTV and mamma ipsilateral (the breast, either left or right,
where the tumor is located) are given. Moreover, the distance of the proximal and distal edge from the
skin, measured from a beam angle of 45◦ are listed.

Table 3.1: Characteristics of the tumor of the patients.

Tumor Volume
GTV (cc)

Volume
PTV (cc)

Volume mamma
ipsilateraal (cc)

Proximal edge
PTV (cm)

Distal edge
PTV (cm)

Patient 1 Left-sided 3.02 74.78 1309.34 9.5 3.3
Patient 2 Right-sided 12.16 111.78 1475.53 9.2 3.8

3.2. IMPT treatment plans
An example of a generated IMPT treatment plan is shown in fig. 3.1. The treatment plan prescribed a
dose of 21 Gy to the PTV (delineated in red). The yellow delineation represents the GTV. The uniformity
of this plan is expressed in the HI = 1.032 and the coverage of the PTV is 1.0151.

The results of the optimization of IMPT treatment plans are presented in table 3.2, including the treat-
ment planning times and the number of energy layers and lateral positions in the final plan. In fig. 3.2,
the dose distributions of the selected energy layers in water for the single fraction IMPT treatment plan
are shown.

Table 3.2: Optimization results of the treatment planning times, number of selected energy layers, and the number of lateral
positions for the IMPT treatment plans.

Treatments plans Beam angles (◦) Treatment planning
time (HH:MM)

Number of
energy layers

Number of
lateral positions

1 fraction 30 01:02 17 227
2 fractions 25, 45 03:10 31 282
3 fractions 25, 30, 45 05:40 40 287
4 fractions 25, 30, 40, 45 10:48 53 289
5 fractions 20, 25, 30, 40, 45 14:58 58 294

21
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Figure 3.1: Dose distribution of a single fraction IMPT plan with a prescribed dose of 21 Gy and three beam angles, 25◦, 30◦,
45◦.
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Figure 3.2: Relative dose distribution in water of the selected energy layers for a single fraction IMPT treatment plan with a
beam angle of 30◦.
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3.3. Ridge filter treatment plans
An example of a generated ridge filter treatment plan is shown in fig. 3.3. This treatment plan is the iso-
effective single-fraction dose distribution of three separate SFUD plans. In fig. 3.4 the dose distribution
of the individual plans is given. These treatment plans are prescribed on 11.55 Gy such that the three
fractions together have an iso-effective single-fraction dose of 21 Gy, comparable to the IMPT treatment
plan in fig. 3.1. The HI of the individual fraction doses are 1.129, 1.119, and 1.179 for respectively
the beam angles 25◦, 30◦, and 45◦. The conformality index of the overall ridge filter plan is 1.5605,
indicating an overdose.

Figure 3.3: Dose distribution of a ridge filter plan consisting of three single-field uniform dose fractions with three different
angles, 25◦, 30◦, 45◦, and each fraction a prescribed dose of 11.55 Gy.
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(a) Beam angle 25◦.

(b) Beam angle 30◦.

(c) Beam angle 45◦.

Figure 3.4: Dose distribution of three SFUD fractions, each having a prescribed dose of 11.55 Gy.
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3.3.1. Implementation in iCycle
The main difference between the IMPT and ridge filter treatment plans is the freedom of spot selection.
Where IMPT has the freedom to position pristine Bragg peaks across the entire target volume, ridge
filter treatment plans require the pristine Bragg peaks belonging to one SOBP to be positioned at the
same lateral position. Besides, only one SOBP can be selected for every lateral position. Figure 3.5
shows this difference in positioning of the pristine Bragg peaks for generated treatment plans of both
IMPT and ridge filter. It can be seen that the Bragg peak spots of the ridge filter plans are all positioned
in series on a specified regular grid.

(a) (b)

Figure 3.5: Example of the pristine Bragg peak locations (black dots) in an IMPT (a) and ridge filter (b) treatment plan with
single beam angle 45◦. The yellow and red circles are delineations of respectively the GTV and PTV.

The optimization results of the ridge filter treatment plans are stated in table 3.3. In fig. 3.6 the depth
range for one treatment plan is shown, by plotting the SOBP beams belonging to the selected energy
layers.

Table 3.3: Optimization results of the treatment planning times, number of selected energy layers, and the number of lateral
positions for the beam angles of the five fractions ridge filter treatment plan.

Beam angle (◦) Treatment planning
time (HH:MM)

Number of
energy layers

Number of
lateral positions

20 2:09 8 76
25 2:25 8 77
30 3:17 9 74
40 2:09 9 65
45 2:07 9 69
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Figure 3.6: Relative dose distribution in water of the SOBP beams of the selected energy layers for a single fraction ridge filter
treatment plan with a beam angle of 30◦.

3.3.2. SBPF
The ridge filter treatment plans are generated as single beam per fraction delivery, where each fraction
a uniform dose is delivered. In table 3.4 the homogeneity indices for ridge filter treatment plans with
a prescribed dose of 8.65 Gy (five fraction schedule) are given. The final SBPF ridge filter treatment
plans are generated with the five beam angles with favorable homogeneity indices (closest to 1.07),
varying between 15 and 50 degrees for each patient. This is repeated for the treatment plans with 1, 2,
3, and 4 beam angles. For this patient, this resulted in the beam angles listed in table 3.5. To compare
the IMPT and ridge filter treatment plans, the IMPT treatment plans are planned with the same beam
angles as the equivalent ridge filter treatment plans, as listed in table 3.2.

Table 3.4: HI for different beam angles for SFUD ridge filter treatment plans with single fraction doses of 8.65 Gy.

Beam angle (◦) Homogeneity index
15 1.8113
20 1.1922
25 1.1199
30 1.1125
35 1.6724
40 1.1625
45 1.1855
50 1.9755

Table 3.5: Selected beam angles for the SBPF fractionated ridge filter plans

Number of fractions Selected beam angles (◦)
1 30◦
2 25◦, 45◦
3 25◦, 30◦, 45◦
4 25◦, 30◦, 40◦, 45◦
5 20◦, 25◦, 30◦, 40◦, 45◦
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3.3.3. FLASH effect
The FLASH effect is applied by reducing the dose in the healthy breast tissue by the FLASH enhance-
ment ratio. The dose distribution with applied FLASH effect by increasing FER is shown in fig. 3.7. It
can be seen that the dose in the voxels outside the CTV is reduced while the dose in the CTV remains
the same. Moreover, the dose of voxels below the threshold of 7 Gy is not changed.

3.4. Analysis
The generated IMPT and ridge filter treatment plans are all assessed on the homogeneity and con-
formity index for clinical acceptability. Moreover, toxicity-model endpoints for fibrosis and fat necrosis
are taken into account. This section will show the evaluation results for five different treatment plans
varying the number of beam angles: 1, 2, 3, 4, and 5. To conclude the analysis, the results of the IMPT
and ridge filter treatment plans are summarized and the FERs for which the ridge filter treatment plans
outperform the IMPT plans are listed.

3.4.1. Uniformity
Figure 3.8 gives the results of the homogeneity indices of the five generated ridge filter treatment plans,
which are compared to the results for the IMPT treatment plans, table 3.6. It can be seen that the HI
curves decrease by an increase in FER. The HI indicates the ratio of the near minimum dose in the
PTV and the prescribed dose in the PTV. As the FER is applied to all voxels except for the CTV cells,
within the PTV the FER is only applied to the voxels laying in a ring around the CTV. The near-minimum
dose of the PTV is expected at the edge of the PTV, probably most likely outside the CTV. It is therefore
expected that the near-minimum dose and thereby the HI follows the linear regression of the FER. With
a FER of 1.1130, all treatment plans satisfy the clinical recommendation for the homogeneity index and
from a FER of 1.1697, the ridge filter treatment plans benefit the IMPT plans in uniformity. The ridge
filter treatment plan with 5 fractions shows the most homogeneous treatment plan.

Table 3.6: Homogeneity indices for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles Homogeneity index
1 1.0066
2 1.0337
3 1.0320
4 1.0307
5 1.0268

3.4.2. Coverage
Figure 3.9 gives the results of the conformity indices of the five generated ridge filter treatment plans,
which are compared to the results for the IMPT treatment plans, table 3.7. It can be seen that the CI
reaches a certain threshold of approximately CI = 0.5. This limitation is the volume ratio of the CTV
and PTV. For a certain FER, there are no voxels outside the PTV receiving a dose level ≥ 95% of the
prescribed dose. The dose level of the voxels in the CTV does not change so the conformality index will
just be the volume of the CTV divided by the PTV. With a FER of 1.1153, all treatment plans benefit the
IMPT plans in conformity. The ridge filter treatment plan with 2 fractions shows the highest coverage
in the dose distribution.

Table 3.7: Conformity indices for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles Conformity index
1 1.0374
2 1.0117
3 1.0151
4 1.0158
5 1.0138
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(a) FER=1.2.

(b) FER=1.5.

(c) FER=2.0.

Figure 3.7: Dose distribution of three fraction ridge filter treatment plan from fig. 3.3 for different values for FER applied to the
healthy tissue.
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Figure 3.8: Homogeneity indices of the five ridge filter treatment plans for different magnitudes of the FLASH enhancement
ratio. The black line represents the clinical recommendation of HI = 1.07 and the red line represents the HI of the IMPT plans,

which can be found in table 3.6
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Figure 3.9: Conformality indices of five ridge filter treatment plans for different magnitudes of the FER. The red line represents
the CI of the IMPT plans, which can be found in table 3.7
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3.4.3. Fibrosis
The risk of fibrosis is expressed through the normal tissue control probability and the results are shown
in fig. 3.10. It can be seen that the FER has a substantial impact on the risk of fibrosis. With a FER of
1.2730, all treatment plans benefit the IMPT plans in the risk of developing painful fibrosis. The ridge
filter treatment plan with 2 fractions shows the most favorable values for NTCP.

Table 3.8: Normal tissue control probabilities for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles NTCP
1 0.6013
2 0.6056
3 0.6098
4 0.6137
5 0.6089

3.4.4. Fat necrosis
The first metric on fat necrosis is the maximum dose in the healthy tissue, results can be found in
fig. 3.11. The results for the 1 - 4 fractions are quite similar while the maximal dose of the 5 fractions
treatment plan is substantially higher. With a FER of 1.3474, all treatment plans satisfy the recommen-
dations from Rahimi et al. [48], and from a FER of 1.3924, the ridge filter treatment plans benefit the
IMPT plans. The ridge filter treatment plan with 3 fractions shows the lowest maximal dose curve.

Table 3.9: Maximal dose for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles Dmax

1 21.9236
2 22.4361
3 22.4008
4 22.4488
5 22.4163

The other recommendations of Rahimi et al. [48] prescribe limitations on the volumes receiving
18.94, 19.56, 20.66, 21.79, and 22.92 Gy. In fig. 3.12, the dose-volume curves for the healthy breast
tissue are shown. It can be seen that for a FER of 1.4, all ridge filter treatment plans benefit the IMPT
treatment plans. Moreover, it can be seen that the smallest discrepancy of the ridge filter plan curves
with the constraint curves is often near the maximum dose.
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Figure 3.10: Normal tissue control probability of developing fibrosis for five ridge filter plans for different magnitudes of the
FER. The red line represents the NTCP of the IMPT plans, which can be found in table 3.8
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Figure 3.11: Maximal dose in healthy breast tissue for five ridge filter plans for different magnitudes of the FER. The black line
represents the recommendation of 23.14 Gy and the red line represents the maximal dose of the IMPT plans, which can be

found in table 3.9
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Figure 3.12: Dose-volume curves for the healthy breast tissue for the dose range 18.94 - 22.92 Gy. The dose-volume curve is
drawn for every value of FER. The black line represents the constraints from Rahimi et al. [48] and the red line shows the

dose-volume curves from the IMPT plans.
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3.4.5. FLASH effect
Table 3.10 shows a summary of the results for all metrics. The last column states the value of FER for
which the ridge filter treatment plan outperforms the IMPT treatment plan on all metrics: uniformity by
the homogeneity index, coverage by the conformity index, risk of fibrosis by the NTCP, and risk of fat
necrosis by the maximal dose.

Table 3.10: Overview of the results of the evaluation of the five different IMPT and ridge filter treatment plans. The required
FER for a ridge filter treatment plan to benefit the equivalent IMPT plan is stated in the last column.

Number of
fractions Beam Angles (◦) HI CI NTCP Dmax

(Gy)
Required
FER

IMPT 1 30 1.0066 1.0374 0.6013 21.9236 -
Ridge filter 1 30 1.1755 1.5756 0.9738 28.0527 1.2808

IMPT 1 25, 45 1.0337 1.0117 0.6056 22.4361 -
Ridge filter 2 25, 45 1.1474 1.5208 0.9374 26.6298 1.1921

IMPT 1 25, 30, 45 1.0320 1.0151 0.6098 22.4008 -
Ridge filter 3 25, 30, 45 1.1364 1.5605 0.9372 26.4761 1.1906

IMPT 1 25, 30, 40, 45 1.0307 1.0158 0.6137 22.4488 -
Ridge filter 4 25, 30, 40, 45 1.1375 1.5460 0.9425 27.2319 1.2272

IMPT 1 20, 25, 30, 40, 45 1.0268 1.0138 0.6089 22.4163 -
Ridge filter 5 20, 25, 30, 40, 45 1.1081 2.0576 0.9968 30.6319 1.3924





4
Discussion

This chapter will discuss the findings and methodology of the study. First, the results of chapter 3 will be
discussed. Next, section 4.2 elaborates on the general treatment planning method and the clinical ac-
ceptability of the generated IMPT treatment plans. The ridge filter treatment planning method, including
the SOBP database and the implementation in iCycle, is discussed in section 4.3. This is followed by a
discussion of the implementation and theory of the FLASH effect in section 4.4. Section 4.5 evaluates
the toxicity-model endpoints. Finally, recommendations for future work are given.

4.1. Results
The main finding in this study is that for a FLASH effect of 20-40% it could be feasible to generate a
ridge filter treatment plan that is as clinically acceptable compared to a conventional IMPT treatment
plan. However, this conclusion comes with certain assumptions and limitations that will be discussed
further in this chapter. In this section, the results of the optimized dose distributions and the results of
the optimizations themselves will be discussed for both the IMPT and the ridge filter treatment plans.
Moreover, the results for the FLASH enhancement ratios are reviewed.

4.1.1. IMPT treatment plans
The iCycle wishlist, appendix B, functioned successfully in generating clinically acceptable IMPT treat-
ment plans. In table 3.6, it can be seen that the uniformity of the IMPT treatment plans all satisfy the
ICRU constraint of 1.07 and improve for an increase in the number of beam angles, with a HI of 1.0337
for 2 fractions to 1.0268 for 5 fractions. Surprisingly, the HI of the IMPT treatment plan with 1 fraction
was found to be most favorable with a homogeneity index of 1.0066. The conformality indices also
show a substantial improvement by an increase in the number of beam angles. This is expected as
IMPT (with multiple fields) in general improves the coverage of the target volume compared to a single
field. As a perfectly conform treatment plan has a CI of 1.0, the results for the IMPT plans 1.0117 -
1.0374 are clinically acceptable. The HI and CI results match the dose distribution in fig. 3.1, showing
a conform and homogeneous dose in the PTV with a slight overdose near the proximal edge of the PTV.

The metrics for the toxicities can be found in section 3.4.3 and section 3.4.4. No specific correlation
can be seen in table 3.8 between the NTCP of developing fibrosis and the number of beam angles of
the IMPT treatment plan. The risk of developing fibrosis is approximately 60% for an IMPT treatment
plan with a single fraction of 21 Gy. The maximum dose and the dose-volume curves (in the dose
range of 18.94 - 22.92 Gy) of healthy breast tissue are assessed to evaluate the risk of developing fat
necrosis. Both metrics outperformed the recommendations of Rahimi et al. [48] for all beam angles.
This is well shown in fig. 3.11 and fig. 3.12 since all of the red lines (indicating the IMPT treatment
plans) are positioned below the black lines, which indicate the maximum constraints imposed by the
recommendations. The results imply that no painful fat necrosis will develop from the dose of the IMPT
treatment plans. No significant discrepancies can be seen between treatment plans with different beam
angles in the metrics for fat necrosis.

37
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The optimization results are summarized in table 3.2. It can be seen that the optimization times
increase significantly for an increasing number of beam angles. This is expected as IMPT is a multi-
field optimization (MFO) where both the dose contribution from each individual beam and the dose
distribution of all beams are optimized. The number of energy layers shows a slightly declining increase
for an increasing number of beam angles. This indicates that an additional beam angle adds new energy
layers but also removes redundant energy layers. In the last column of table 3.2 it can be seen that
the number of lateral positions increases substantially from one fraction to two fractions and increases
with small numbers between two and five fractions.

Dose distributions of the selected energy layers for the single fraction IMPT treatment plan are
presented in fig. 3.2. The figures indicate a depth range of approximately 6.5 - 15.0 cm in water. Fat
tissue has a slightly lower density than water, so it is expected that the proton beams will end up slightly
deeper in the patient. Including the range shifter of 57 mm, the range in the patient will be just above
0.8 - 9.3 cm. As the PTV of this patient is located at a depth of approximately 3.3 - 9.5 cm, the selected
energy layers cover the position of the target.

4.1.2. Ridge filter treatment plans
The results for the homogeneity and conformality indices and the metrics for toxicities of the ridge
filter treatment plans without an applied FER can be found in table 3.10. It can be seen that the results
score significantly worse than the IMPT treatment plans. This is expected since the ridge filter treatment
plans are restricted in pencil beam selection by the SOBP beams, which will be further discussed in
section 4.3.1. However, it can be seen that the HIs of the ridge filter treatment plans improve by
increasing the number of fractions (and thereby also the beam angles), from 1.1755 for 1 fraction to
1.1081 for 5 fractions. No significant correlation can be seen between the dose coverage and the
number of fractions. The CIs in the range of 1.5208 - 2.0576 indicate that relatively much dose is given
to the healthy tissue surrounding the PTV. The values for HI and CI can be verified in fig. 3.3, where the
dose distribution for a ridge filter treatment plan with three fractions is shown. It can be seen that the
dose within the PTV includes relatively more shades of red than the IMPT dose distribution in table 3.2
(indicating relatively more inhomogeneity) and that there is much overdosage in the tissue surrounding
the PTV, given a less conform dose.

The overdosage in the tissue surrounding the PTV is in agreement with the high NTCP and Dmax

values. The results for Dmax are 26.47 - 30.63 Gy, where the recommendation is to stay below 23.14
Gy (recalculated to the number of fractions). Moreover, the NTCP of developing fibrosis of the ridge
filter treatment plans is 93.42%-99.68%. In the dose-volume curves in fig. 3.12 it can be seen that the
ridge filter treatment plans without an applied FLASH effect (FER = 1.0) mainly deviate from the recom-
mendations in the volumes receiving relatively high doses. No clear correlation can be seen between
the number of beam angles and the metrics; NTCP, Dmax, and the dose-volume constraints.

The optimization results of the individual SBPF dose distributions for five fractions are listed in
table 3.3. It took an average of 2:22h to optimize a single fraction ridge filter treatment plan. The
number of energy layers remained relatively constant with either 8 or 9 energy layers. The same
applies to the number of lateral positions in a range of 65 - 77, shown in the last column. This indicates
that the target volume has a relatively bigger surface from 25◦ compared to the 40◦ beam angle. The
optimization itself and the implementation of SOBP in iCycle are elaborated in section 4.3.2.

The dose distribution of the selected energy layers for a single fraction ridge filter treatment plan with
a beam angle of 30◦ is shown in fig. 3.6. The figures show a depth in water in a range of approximately
7.5 - 17.0 cm. This range is decreased to 1.8 - 11.3 cm due to the 57 mm range shifter and slightly
increased due to the density of the fat tissue through which the proton beam propagates. The chosen
energy layers cover the positions of the tumor, as the PTV of this patient is located in a range of
approximately 3.3 - 9.5 cm. The range of the selected energy layers is even larger, which is probably
needed to cover the distal edge of the tumor with the SOBPs.

4.1.3. FER
The FLASH effect is applied to the ridge filter treatment plans by decreasing the dose in the healthy
tissue with the FER. Eleven FER values in steps of 0.1 between 1.0 - 2.0 are applied to all breast tissue
voxels outside the CTV. Subsequently, the HI, CI, and metrics for toxicities are calculated to determine
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to which value of FER, the ridge filter treatment plans can benefit the IMPT treatment plans. In the last
column of table 3.10, these FERs are stated for every fractionated treatment plan. The resulting FERs
are between 1.1906 - 1.3924 and mainly depend on the maximum dose in the healthy breast tissue,
Dmax.

4.1.4. Patient 2
The section above discussed the results of patient 1, which are stated in chapter 3. Unfortunately, the
results of the second patient (appendix C) are significantly less beneficial. Even though the homogene-
ity indices of the individual SBPF ridge filter treatment plans are similar to those of patient 1, the dose
distribution shows a substantial overdose. The recalculation of these ridge filter treatment plans to
equivalent single dose fractions, as shown in fig. C.3, shows poor dose coverage. The poor dose cov-
erage leads to significant overdoses in the healthy tissue which is also indicated by the toxicity-model
endpoints. Three of the five generated ridge filter treatment plans require a FER between 1.8944 -
1.9998 and two treatment plans require a FER > 2.0 to benefit the IMPT treatment plans. As with
patient 1, the FERs in patient 1 mainly depend on the Dmax.

The cause of the poor dose coverage and difference in results has not been indicated. No significant
correlation was found for the number of lateral positions or energy layers. An important difference
between the two patients is the volume of the target volume. The main part of the optimization is
performed on the planning target volume, which for patient 2 is 50% as large as the PTV of patient
1. Due to the time limitations for this thesis, it was not possible to further investigate the cause of
the significant differences between the two patients. Future research should definitely investigate the
cause of the poor dose coverage and focus on the patients’ inclusion requirements for this optimization
method.

4.2. Treatment planning
This section will review the used methodology for generating the treatment plans.

CT data
The treatment plans in this study are planned on patient CT data without actual tumor tissue. Even
though the CT data’s anatomy is different from the anatomy of primary radiotherapy, the geometry is
similar and therefore suitable to use for the purpose of this thesis. If patient data with tumor tissue would
be used, no difference is expected for the results of the magnitude of the FLASH effect. However, the
proton beams will then have a smaller range in the patient, since tumor tissue has a higher density
compared to breast (fat) tissue. This might enable the used SOBP database to be suitable for tumors
positioned closer to the skin than the exclusion in this study of 2.5 cm.

Wishlist
The final wishlist (appendix B) has been developed in an iterative process of testing the optimizer and
is shown to be effective in achieving the required constraints and objectives for IMPT treatment plans.
The constraints are also met in the ridge filter treatment plans but the objectives are sometimes not
achieved. The maximum dose in the GTV and PTV are often higher than the set maximum, which
indicates an inhomogeneous dose in the PTV. Moreover, the dose given to the breast tissue outside
the PTV is often higher than the maximizing objectives in the wishlist.

With conventional IMPT, overdosage in the area surrounding the PTV is often tackled by introduc-
ing multiple rings surrounding the PTV. The dose fall-off can be controlled by reducing the maximum
allowed dose in every ring farther away from the PTV. However, with SOBP beams it is impossible to
restrict the optimizer in the dose of the tissue surrounding the PTV. In order to give a sufficient dose to
the PTV, it is unavoidable that there will be pristine Bragg peaks at the top or tail of the SOBP beams
positioned outside the PTV. This is especially due to the fixed width of the SOBP, which will be further
discussed in section 4.3.1.

It could be argued that the wish list mainly strives for achieving a uniform dose and is less strict
on conformality. This is because sufficient homogeneity is required for tumor control and the loss
of conformality is expected to be compensated by the FLASH effect. It is assumed that the wishlist
achieves the best optimization results possible for the implementation of ridge filter generated SOBP
beams in this study.
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Robust optimization
In this study, only one planning scenario is included while the standard of care in clinical IMPT is
treatment planning with robust optimization. Robust optimization is a way of treatment planning which
includes uncertainties affecting the final position of the Bragg peaks. Besides the nominal scenario,
also patient shifts and uncertainties such as undershooting and overshooting are taken into account.
Basic robust optimization includes 9 scenarios, resulting in the determination of a certain treatment plan
taking nine times as long. In the majority of proton therapy, even 27 scenarios are used, also including
changes in the surrounding area of the target. Nevertheless, the purpose of the IMPT treatment plans
generated in this study is not to be used in the clinic but mainly to compare them with the results of ridge
filter plans. The clinical implementation of the FLASH-compatible ridge filter plans is not expected in the
near future and moreover, it is time-consuming to generate multiple scenarios. It is therefore sufficient
to only include one nominal scenario and use the metrics for dose uniformity and dose coverage to
assess the treatment plans on clinical acceptability.

An alternative method to include position uncertainties with ridge filter generated beams is a beam-
specific PTV [45, 49]. The beam-specific PTV concept applies distal and proximal margins for range
uncertainty for each beam direction. Moreover, lateral margins are determined relative to the beam
directions and misalignment is accounted for by adding margins from density correction.

4.2.1. SBPF
The ridge filter treatment plans are designed with SBPF delivery, with the assumption that in each
fraction a uniform dose (SFUD) from one beam angle should be delivered to the target to ensure tumor
control. In table 3.4, the homogeneity index of the single fraction treatment plans is listed for the case
of a final ridge filter treatment plan with five fractions. ICRU [26] recommends a homogeneity index of
1.07 for a uniform dose distribution. In clinical practice, maximum doses up to 1.12 are accepted. It was
expected that the ridge filter treatment plans will not give an ideal homogeneous distribution because
of the limited freedom in spot selection. As can be seen, none of the SFUD treatment plans satisfy the
1.07 constraint.

Table 3.4 shows significant differences in uniformity between beam angles for which no explanation
has been found. No correlation can be seen between the HIs and the number of energy layers or
the number of lateral positions. Furthermore, no divergent tissue has been found in the CT data which
suggests that there should not be major differences in the tissue the proton beams propagate. Because
of the yet undefined differences in uniformity of the treatment plans, the results should be interpreted
with caution.

The single fraction doses with the best homogeneity indices are selected for the multiple fractiona-
tion schedules and are expected to improve uniformity for multiple beam angles. Table 3.10 supports
this assumption, as the homogeneity index of the ridge filter treatment plans improves for an increas-
ing number of beam angles. So, it can be concluded that SBPF dose delivery with single fractions as
homogeneous as possible is a feasible approach for ridge filter treatment planning.

Even though the single fraction ridge filter doses are not uniform doses individually, the SBPF dose
delivery with multiple beam angles improved tumor control for the ridge filter treatment plans. A draw-
back of the ridge filter treatment plans with multiple fractions is that relatively more dose is deposited in
the healthy tissue. This drawback is supported by the increased conformality indices for the ridge filter
treatment plans with multiple fractions (and thereby beam angles) in table 3.10.

However, the theory behind the SBPF delivery is that the FLASH effect outweighs the loss of frac-
tionation. As with breast tumor tissue, there is no biological fractionation benefit, the fractionation loss
is mainly the loss of dose coverage. The effect of FLASH on the dose coverage can be seen in com-
paring fig. 3.3 and fig. 3.7a. In fig. 3.3, the ridge filter treatment plan is shown without an applied FER
and in fig. 3.7a the ridge filter treatment plan with a FER of 1.2 is shown. The significant improvement
in the dose coverage of the target volume due to the FLASH effect is clearly visible and supported by
the steep curves in fig. 3.9. The next section will elaborate further on the FLASH effect in this study.

4.3. Ridge filter treatment plans
The ridge filter treatment plans are generated by using the SOBP database from the simulation and
implementation of Meijer [39]. The ridge filter itself and the SOBP implementation have some limitations
that will be covered in this section.
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4.3.1. SOBP database
In fig. 2.4 it can be seen that the SOBP is quite inhomogeneous. This could have several reasons. It
could be due to the limitations of the ridge filter that is used. The ridge filter in this study is optimized
to give an SOBP of 3 cm for a proton beam energy of 154 MeV. It could therefore be expected that
for energy far below or above the 154 MeV, the SOBP will not be as smooth. However, in fig. 2.4 the
SOBP of 154 MeV is shown and this SOBP is not homogeneous itself.

Another possible reason could be the limitations of the method to rewrite the simulated SOBP en-
ergy spectra as a weighted sum of pristine Bragg peaks. The non-negative linear least squares method
is performed for 19 energy levels: every 10 MeV from 70 to 250 MeV. For all energy levels in between,
the results are interpolated by shifting the energies of the pristine Bragg peaks of the nearest energy
level (1 of the 19). The interpolated results are therefore not accurately retrieved. Moreover, the non-
negative linear least squares optimization was restricted to the minimal distance between energy levels
of 3 MeV. This energy discretization could be reduced to improve the homogeneity of the SOBP.

Ridge filter
A limitation of the used ridge filter is the fixed width. In fig. 3.5(b) the position of the pristine Bragg
peaks of the SOBP beams in a ridge filter plan is shown. It can be seen that at the widest part of the
PTV (approximately 4 cm), the SOBPs are alternately positioned at the distal and proximal edges. This
is probably due to the restriction of one SOBP per lateral position. The SOBP now has the same width
for every energy level. This means that the optimizer can only fill the target with an SOBP beam of 3
cm long. In the case of small tumor sizes, this results in an overdose in the surrounding tissue while for
tumor size > 3 cm this can lead to an underdose in the target since only one lateral position per energy
can be selected.

To fully cover the tumor, it would be best to have SOBP beams of various widths available during
treatment. However, this requires multiple ridge filters or modulation of the ridge filter during treatment
which might be too time-consuming for FLASH treatment times. An alternative is to investigate for every
tumor size the optimal width of SOBP beams and use a ridge filter that generates SOBP with that fixed
width.

In future investigations, it might be interesting to implement a curved ridge filter. As most of the
tumors have a rounded shape, a generic curved ridge filter might give an improved dose distribution of
the SOBP beams. Moreover, the benefit of a patient-specific ridge filter over a generic ridge filter could
be investigated.

Patient exclusion
The available energies of the used SOBP database between 110 - 240 MeV limit the range of the SOBP
beams and thereby the suitable tumors. It was found that the set-up, with the current SOBP database
and a range shifter of 57mm, is only sufficient for a range of 2.5 - 30 cm in the patient. Unfortunately, this
range limited the number of patients feasible for this study. The CT data of 12 patients were available
and only 2 patients had tumors in the range of 2.5 - 30 cm. The tumors of the other 10 patients were
positioned relatively closer to the skin.

Besides tumor position, the tumor size is also a relevant parameter for the in- and exclusion of
suitable patients. Patients with tumors ≤ 2.5 cm (GTV) are used in this study. Treatment plans are
planned to give a homogeneous dose to the PTV. The GTVs in this study are expanded by 5.5 cm and
5.0 cm to the PTV for respectively patient 1 and patient 2. The fixed SOBP width of 3 cm enabled to
generate relatively good ridge filter treatment plans for the tumors in this study. However, it might be
interesting to investigate if the dose distribution can be improved by optimizing the fixed SOBP width
for a specific tumor size.

4.3.2. Implementation in iCycle
The SOBP beams in iCycle are well implemented. The optimization selects the suitable distal and lat-
eral positions, replaces the pristine pencil beams with SOBPs, and results in a dose distribution with
SOBP beams. However, since it is an adjustment of an existing pristine Bragg peak optimization, there
are still some things that could be improved.
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The pencil beam selection method with a regular grid is an eligible solution for the lateral positions
of SOBP beams. Nevertheless, the distal position of the pencil beams could be improved. Now, the
initial candidate pencil beams include the energy layers with relative energy spacing of one pristine
Bragg peak width in the range of the tumor’s position. However, the final dose distribution includes
only energy layers for every lateral position so the relative spacing between pristine energy layers is
not relevant. But, energy spacing is still required since including all energy layers positioned in the
range of the tumor will make the optimization too time-consuming. Future research could look into the
impact of absolute energy layer spacing or optimize the relative energy spacing factor. This could be
implemented in the optimization specification of the wishlist.

One of the final steps of the optimization is to ensure only one SOBP is chosen for every lateral
position. This is done after the optimization itself is done, by finding double lateral positions and re-
moving the lateral positions with the lowest weights. This might not lead to the optimal distribution of
lateral positions. Setting criteria for the initial energy selection could improve the final dose distribution.
Additionally, the removal itself could be improved. An iterative process of optimization could be used
as an alternative to remove the double lateral positions with the lowest weight.

Moreover, it was found that the optimization of the ridge filter treatment plans requires a substantial
amount of memory, roughly 500 GB for individual treatment plans. Even though the average optimiza-
tion time was about 2:22h, treatment plans with a relatively high number of voxels in the target volumes
were killed if there was not enough memory available for the optimizer. This could be solved by re-
ducing the number of voxels of the target volume used in the dose calculation. However, using fewer
voxels can lead to an inaccurate dose distribution. The extensive memory use compared to conven-
tional IMPT could be explained by the correlated weights of the SOBP. To enable an accurate dose
optimization for relatively large target volumes, the optimization could be split into different batches to
limit peak consumption. A suggestion would be to take e.g. 50 spots per batch, optimize the weights,
add these to the previous batch and continue with the next batch. Further research into the source of
memory use is recommended.

4.4. FLASH effect
In this study, the feasibility of the FLASH effect is investigated in a PBS set-up with a ridge filter. The
proposed method is assumed to achieve FLASH compatible dose-rates and the differential impact on
the damage observed between healthy and tumor tissue is applied by the FER. The implementation of
the FLASH effect will be discussed in this section.

4.4.1. Dose-rates
The ridge filter set-up presumes that the maximum dose-rate is achieved with the maximum initial beam
energy of 244 MeV and minimal intervention of the proton beam. In this study, it is assumed that the
set-up with ridge filter and range compensator fulfills the FLASH dose rate constraint of ≥ 40 Gy/s.
However, no measurements of the dose-rate have been executed or simulated to confirm if the set-
up is able to achieve FLASH-compatible dose-rates. Until now, FLASH has been observed in dose
rates up to 124 Gy/s [53]. However, not much is known about the magnitude of the FLASH effect by a
varying dose-rate. Multiple studies are investigating the impact of the dose rate on the FLASH effect
[18, 19, 34] including among other simultaneous dose and dose rate optimization (SDDRO). Further
research should be undertaken to investigate the impact on the dose-rates within the proposed method.

4.4.2. FER
In this study, the fraction dose in each healthy tissue voxel is decreased by the FER while the fraction
dose in the voxels of the CTV remains unchanged. It could be argued that the biological effect of FLASH
might not be as binary as the current application of the FER. However, a model with more parameters
also entails complexity and more uncertainties.

As mentioned in section 1.1, the level of oxygen depletion is expected to play a role in the differential
effect. However, recent studies [8, 28] suggest that the FLASH effect may not be fully explained by
the role of oxygen depletion. Even though the exact mechanism behind the differential effect remains
unspecified, the biological difference between healthy and tumor tissue has been observed. Multi-
ple in vivo animal studies found a reduction in healthy tissue toxicity with FLASH radiotherapy while
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maintaining equivalent tumor control, indicating a differential effect between healthy and tumor tissue.
Therefore the FER, the ratio of damage in healthy tissue with conventional versus FLASH dose-rates,
is a sufficient tool to apply the FLASH effect in treatment planning.

Furthermore, the implementation of FLASH in this study includes a threshold of 7 Gy. The threshold
model suggests that healthy tissues start to respond similarly to FLASH dose rates as to conventional
dose-rates but from a certain threshold, develop in a second ‘phase’ where radioresistance is induced.
In that phase, an increased dose is needed to damage the healthy tissue. This finding is supported
by various reports studying the biological effect of FLASH in animals [17, 42, 50]. The threshold dose
is not known accurately and is expected to depend on the oxygen level in healthy tissues. However,
it is estimated to be in the range of 3.5 - 7 Gy [37]. Further research is needed on the biological
mechanisms behind FLASH and especially on the possible variation between tissues to determine an
exact threshold dose.

This study found a FER of 20 - 40% to generate clinically acceptable ridge filter plans. Experimental
data in prior studies show a FER greater than 1.8 [16]. A FER of 1.8 in this study would enable a
reduction in the risk of fibrosis by 97.36% compared to IMPT treatment plans and a significant reduction
in risk of fat necrosis, as can be seen in fig. 3.12.

4.5. Toxicity-model endpoints
Fibrosis and fat necrosis are the twomain radiation side-effects seen in breast cancer patients receiving
hypofractionated radiotherapy. Therefore, metrics for these toxicities are taken into account to research
the feasibility of the generated ridge filter treatment plans.

4.5.1. Fibrosis
The risk of developing breast fibrosis is assessed by the NTCP model of Avanzo et al. [2]. This NTCP
model includes the generalized average of the dose in the healthy breast tissue. Breast tissue is
characterized as a serial organ at risk, so a complication occurs if a small volume of the breast receives
too much dose. Therefore, the maximum dose is weighed more in the NTCP model, eq. (2.7), as the
volume effect is close to zero (n = 0.66). Since there is at least one night between each fraction in this
study, it is assumed that the healthy tissue cells repair completely (h = 0) in between every fraction.
The report of Avanzo et al. [2] investigated the dose schedules of patients in literature that developed
fibrosis and stated that for a BEUD of 107.2 Gy there is a 50% risk of developing fibrosis. Moreover,
they determined the slope (m) of the NTCP model based on this literature.

In this study, a single 21 Gy fraction in an IMPT treatment plan carries a 60% risk of developing
fibrosis, as can be seen in table 3.8. The NTCPs for ridge filter treatment plans are even higher than
the single fraction IMPT treatment plans, above 90%. However, the FLASH effect is expected to out-
weigh the loss of healthy tissue sparing compared to the generated IMPT plans. In fig. 3.10 the NTCP
values for every value of FER are shown. It can be seen that the NTCP decreases substantially if the
magnitude of FER is increased. For a FER of 1.2730, all ridge filter treatment plans benefit the IMPT
treatment plans in the risk of developing painful fibrosis.

Comparison of these NTCPs with those of clinical fractionation schedules confirms that fibrosis is
an important side-effect of hypofractionated radiotherapy. In clinical practice, partial breast patients
are treated with 5 fractions of 5.2 Gy, giving an NTCP for the risk of developing fibrosis of 0.83%. The
increased dose level is required for the definitive radiotherapy purpose but compared to the current
standard of care, the increase in the risk of developing fibrosis is significant. A FER of 1.8 - 1.9 is
required for the ridge filter treatment plans to get an NTCP ≤ 0.83%.

4.5.2. Fat necrosis
To assess the risk of developing fat necrosis, recommendations on dose constraints from the paper
of Rahimi et al. [48] are used. These constraints are based on a clinical phase I trial including 75
patients. The dosimetric constraints from Rahimi et al. [48] are recalculated in this study to the iso-
effective dose level of a single fraction treatment instead of five fractions. It is assumed that treatment
plans that adhere to the dose constraints will not result in painful fat necrosis. However, as the study of
Rahimi et al. [48] includes a limited number of patients and dose-fractionated schedules, caution must
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be applied, as the findings might not be an exact measure of the risk of fat necrosis.
All IMPT treatment plans in this study fulfill the established maximum dose and dose-volume con-

straints. In table 3.9 and fig. 3.11, it can be seen that theDmax range from 21.92 - 22.45 Gy and satisfy
the limit of 23.14 Gy. Moreover, fig. 3.12 shows that the IMPT treatment plans (red lines) stay below the
constraints line (visualized in black). The values found for the ridge filter treatment plans are substan-
tially higher than the IMPT treatment plans. As discussed in section 4.1.3, the FER for which the ridge
filter treatment plans benefit the IMPT treatment plans mainly depends on the maximum dose in the
healthy tissue. It is expected that the maximum dose of the ridge filter treatment plans is higher than
with IMPT treatment plans due to the reduced conformality index, caused by the limited spot-selection.
For a FER of 1.3924, all ridge filter treatment plans outperform the IMPT treatment plans in the dose
constraints for developing painful fat necrosis.

A comparison with the maximum dose and dose-volume curves for the current partial breast irradi-
ation fractionation schedules confirms that fat necrosis is a significant side-effect of hypofractionated
radiation. With 5 Gy delivered each fraction, the dose level is not even close to the single fraction dose
levels between 18.94 - 22.92 Gy. This indicates that there is a minimal risk of developing fat necrosis
with the current standard of care. Therefore, it is crucial that further study is conducted on fat necrosis
with hypofractionated radiation and the associated dose limitations to reduce this toxicity. An NTCP
model for the risk of developing fat necrosis would be useful.

A note of caution in the metrics used for developing fat necrosis is the volume of the PTV and the
breast. Rahimi et al. [48] found that fat necrosis barely developed in patients with breast volumes ≤
1000 cc and therefore the constraints were developed for patients with breast volumes ≥ 1000 cc. The
patient used in this study all met this requirement. Although the PTV is not found to be a predictive
measure for the development of fat necrosis, Rahimi et al. [48] included a recommendation of PTV ≤
100 cc since it is intimately related to the achievable dose recommendations. Patient 1 complied with
this but the PTV of patient 2 is larger than 100 cc. This is confirmed by fig. C.12 in the appendix as for
patient 2 the dose-volume curves of the IMPT and ridge filter treatment plans are positioned closer to
the recommendation line.

4.6. Future work
This chapter elaborated on some limitations of this study and proposed suggestions for improvement.
In this section, several suggestions for future research are listed.

• Investigate if there is an optimal SOBP width for every tumor size.
• Study the possibilities and results for a curved ridge filter, potentially patient-specific.
• Improve the iCycle optimization by including an iterative process for selecting one SOBP energy
for every lateral position.

• Optimize the discretization of energy layers in the initial energy selection.
• Investigate and potentially decrease the extended memory use of the SOBP treatment planning
optimizer.

• Investigate the dose-rates that can be achieved with the proposed ridge-filter set-up.
• Include more patients.
• Research the development of fibrosis due to surgery in the current standard of care.
• Develop an NTCP model for fat necrosis and potentially other toxicities in hypofractionated radio-
therapy.

• Research on the biological mechanisms behind FLASH and the dose and dose-rate thresholds
of FLASH.

• Investigate the impact of fractionated FLASH treatments.
• Test the feasibility of beam-specific PTVs for ridge filter treatment plans.
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Conclusion

This study set out to investigate the feasibility of FLASH proton therapy with ridge filtered beam for
definitive treatment of early-breast cancer patients. Definitive radiotherapy requires an increased bio-
logical effect of dose-fractionation schedules compared to postoperative radiotherapy since the number
and density of tumor cells are significantly higher. Moreover, conventional fractionation is not beneficial
because of the relatively low α/β ratio of breast tumor tissue which requires giving hypofractionated
treatment (> 2 Gy per fraction). The dose escalation of hypofractionated treatment schedules causes
an increase in the risk of developing toxicities in surrounding healthy tissue. FLASH could be a good
solution to decrease these toxicities and spare healthy tissue.

We proposed a pencil beam scanning set-up with a ridge filter and a compensator to maximize
the dose-rate while being able to make use of the sharp distal dose fall-off of proton therapy. The
compensator provides robustness and enables to enforce the dose fall-off at the distal edge while
the ridge filter generates SOBP beams that avoid the time-consuming process of switching the beam
energy during treatment. However, the generated SOBP beams limit the spot selection in ridge filter
plans and therefore give less favorable dose distributions compared to IMPT.

Our results indicate that with a FLASH effect of 20 - 40%, it is feasible to generate ridge filter
treatment plans that outperform iso-effective IMPT treatment plans in dose uniformity, dose coverage,
and risks of developing fibrosis and fat necrosis.

Compared to the current standard of care in postoperative partial breast irradiation with proton
therapy, the definitive FLASH ridge filter treatment plans increase the risk of developing toxicities sig-
nificantly. However, the standard of care includes surgery, which is also a cause of developing fibrosis
[4]. More research on the development of fibrosis after both surgery and radiotherapy is needed to
determine if the FLASH ridge filter treatment plans are clinically acceptable. Moreover, it is important
to bear in mind that the intended group of patients is now not eligible for surgery due to medical rea-
sons. So although it is desired to minimize the toxicities of radiotherapy, for these patients the trade-off
between treating the tumor and developing side effects is different from that of the average patient.

In this thesis, the differential effect of FLASH in damage to healthy tissue is assumed due to ultra-
high dose rates compared to conventional dose rates. However, future work is needed to verify if
FLASH-compatible dose-rates can be achieved with this set-up. The method proposes the maximum
dose-rate by the maximal beam energy of 244 MeV but the interaction with the ridge filter and the com-
pensator is expected to decrease the initial dose rate of the 244 MeV beam. Furthermore, there is still
limited knowledge about the FLASH effect so biological investigations are needed on the mechanisms
behind FLASH. Before it can be implemented in the clinic it must be assured for which specifications
of the fraction dose and dose-rate the healthy tissue experiences less damage than with conventional
IMPT.

The study’s findings indicate that it is feasible to generate ridge filter treatment plans that benefit
IMPT treatment plans. However, the dosimetric feasibility is limited by tumor characteristics (size and lo-
cation), has shown significant differences between patients and so requires further investigation. More
understanding of the optimal ridge filter, SOBP beam optimization, and the FLASH effect is required
before clinically acceptable FLASH-compatible ridge filter treatment plans can be developed.
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FLASH Proton Therapy to the Clinic

Abstract. FLASH therapy shows promising healthy tissue sparing effects in pre-clinical
studies. The high potential of FLASH in proton therapy is attracting research on the biolog-
ical, technological and clinical aspects. In vivo studies investigating the biological FLASH
effect with proton beams are discussed of which the majority confirms the healthy tissue
sparing. Importantly, the technological possibilities and challenges that come with treat-
ment delivery and treatment planning are outlined. While the first studies have focused on
passive scattering, the more advanced pencil beam scanning technique has shown beneficial
effects to achieve ultra-high dose-rates. A substantial difference in proton therapy could be
made by using ridge filters to obtain FLASH compatible spread-out Bragg peak beams. Such
treatment planning could be beneficial for complex tumor sites, of which breast cancer would
be a suitable first treatment site to investigate clinically. Besides, transmission beams could
be a solution for specific treatment sites in heterogeneous tissues such as lung tumors. This
review shows the high potential of bringing FLASH proton therapy to the clinic.

1 Introduction

The trade-off between irradiating tumor tissue
and sparing healthy tissue is a major incentive
for research in radiotherapy. Radiation-induced
toxicity to adjacent healthy tissue is still a crucial
limiting factor for the deliverable dose to the tu-
mor in clinical applications. Recently, dose deliv-
ery with ultra-high dose-rates (UHDR) has shown
a differential effect in damage observed in healthy
tissue. This FLASH effect has shown promising
results in saving healthy tissue while maintain-
ing tumor control. To achieve the FLASH ef-
fect, the treatment dose is delivered in a much
shorter time and thereby at a dose-rate a thou-
sand times higher than with conventional radio-
therapy. Even though dose-rate dependence of
radio-sensitivity has been known since the late
1960s [2, 11], FLASH as a differential effect was
first discovered by Favaudon et al. [8]. This study
investigated the effect of electron beam with dose-
rates > 40 Gy/s (UHDR) on lung tumors in mice.
It was shown that UHDR irradiation was less fi-
brogenic than conventional irradiation while be-
ing comparable in efficiency for the tumor tissue.
The promising result attracted scientific interest
and the number of studies related to FLASH ra-
diotherapy has increased since. Besides electrons,
research has expanded to introduce FLASH in
other radiation modalities such as photon and
proton therapy. Especially the latter, proton
therapy, has been highlighted in recent studies

due to its high potential. The superior physical
properties of protons makes proton therapy well-
suited for deep-seated targets and also more pre-
cise, compared to photons. Introducing FLASH
in proton treatments could result in a major im-
provement in saving healthy tissue while preserv-
ing tumor control.
However, before implementation in clinical pro-
ton therapy, more understanding of the bio-
logical FLASH effect and UHDR parameters is
needed. Studies have focused on the verification
of the proton FLASH effect in pre-clinical animal
studies, the underlying biological mechanisms,
the technological challenges to realize ultra-high
dose-rates and the physical parameters required
to achieve a FLASH effect. This literature re-
view aims to provide an overview of the cur-
rent status of literature of clinical FLASH proton
therapy. Thereby focusing on pre-clinical stud-
ies investigating the proton FLASH effect and re-
ports studying possible treatment delivery meth-
ods and planning systems. The objective of this
review is to provide context for a master thesis
project on the implementation of FLASH in pro-
ton therapy treatment planning.

2 Methodology

Search strategy

A systematic literature search was conducted in
the digital databases of Embase, Medline and the
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Web of Science. The search was performed with
the purpose to identify all articles that contribute
to the research of the feasibility of FLASH in pro-
ton therapy. FLASH has been studied in multi-
ple modalities; electron, photon and proton radio-
therapy. To include relevant results from FLASH
studies with non-proton beams, the search term
focused on FLASH particle therapy. Details of
the databases and the used search terms can be
found in Appendix A.

Selection process

The literature search of the databases yielded 561
records. After duplicates were removed, the title
and abstract of 324 records were screened and
227 records were excluded. Inclusion criteria fo-
cused on (pre-)clinical treatment planning sys-
tems of FLASH proton therapy with transmis-
sion and/or Bragg peak beams. The majority of
records were removed because there was no med-
ical application or the study was not related to
radiotherapy. Besides, records were excluded if
they were not relevant for FLASH proton therapy
or not applicable for transmission beams or Bragg
peak beams. Finally, articles on beamline and
dosimetric characterization and in-depth biologi-
cal studies were not included since these records
were too specific for this review. The full text of
28 reports was not available or not accessible by
Erasmus MC or Delft University of Technology
subscriptions. This resulted in a total number of
69 reports to be assessed on their eligibility for
the scope of this review. Conference abstracts,
reviews and non-relevant records were excluded
at this point, which resulted in a total number
of 24 studies. A schematic overview of the iden-
tification and selection of literature is shown in
fig. 1.

3 Results

Biological effect

To verify the biological effect of FLASH in
proton therapy, multiple in vivo small animal
experiments have been conducted. A relative
simple way of measuring the biological FLASH
effect is reported in the study of Zhang et al.
[35]. Abdomen tumors were irradiated in mice

Figure 1: PRISMA 2020 Flow diagram of the
literature search and selection process of this

review [21].

with either conventional or ultra-high dose-rates
(108 Gy/s) and measured the weight loss and
survival rate. From the results, they concluded
that UHDR proton beams are less harmful to the
normal gastrointestinal tract than conventional
proton beams.

A different approach to study the biological
FLASH effect is by measuring DNA synthesis,
this was done by both Diffenderfer et al. [6]
and Kim et al. [14]. After irradiating mice
with conventional (1 Gy/s) and UHDR beams
(78 Gy/s [6] and 108 Gy/s [14]), all mice were
injected with a certain biochemical that enables
to monitor DNA synthesis. The results of the
study of Diffenderfer et al. showed that UHDR
irradiated mice had reduced acute and chronic
gastrointestinal damage with no additional
impact on the tumor control. Similarly, the
UHDR irradiated mice in the study of Kim et al.
exhibited healthy tissue sparing and similar
tumor growth control compared to conventional
irradiated mice.
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The report of Cunningham et al. [5] measured
skin damage to investigate the acute radiation
effect of FLASH. After irradiating leg tumors
in mice with dose-rates of 57 and 115 Gy/s,
the plasma and skin levels, skin toxicity and leg
contracture were all significantly decreased com-
pared to the mice irradiated with conventional
dose-rates (1 Gy/s). Besides, tumor growth
was measured after irradiation and no differ-
ence was observed between the conventional and
FLASH compatible dose-rates. Thereby showing
a healthy tissue sparing effect while maintain-
ing equivalent tumor growth control. Another in
vivo experiment with leg tumors in mice was per-
formed by Sørensen et al. [24]. They scored the
skin damage and calculated a dose modification
factor, the ratio between the dose to produce skin
damage in 50% of mice with conventional dose-
rates and the equivalent dose for FLASH. Results
showed that a 44-58% higher dose was required
with UHDR to obtain the same level of skin dam-
age, thereby showing a healthy tissue sparing ef-
fect. Velalopoulou et al. [29] studied the FLASH
effect on skin damage as well and besides, the
damage to muscle and bone tissue. They found
that compared with conventional proton therapy,
the FLASH effect can reduce skin damage and
stem cell depletion and that UHDR has similar
anti-tumor efficacy.

Instead of DNA synthesis, Dokic et al. [7] stud-
ied the biological FLASH effect by measuring
the DNA damage with a double-strand break
(DSB) surrogate marker. Compared to con-
ventional irradiated mice, mice irradiated with
UHDR showed a sparing effect of the healthy tis-
sue in the brain.

To this end, most reports study the FLASH
effect in mice. Beyreuther et al. [3], on the con-
trary, irradiated zebrafish with a UHDR proton
beam. To measure the biological effect this study
looked at the embryonic survival and the develop-
ment of abnormalities with dose-rate of 100 Gy/s.
In contrast to the above studies, the results of
this study showed no significant evidence of the
FLASH effect. Compared to conventional dose-
rates, no influence of the proton dose-rate was
found on the embryonic survival or development
of abnormalities. However, at one dose point, a
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Figure 2: Schematic representation of passive
scattering with a modulator, collimator and

compensator [32].

significant difference for pericardial edema1 was
found in the benefit of UHDR.

Technological challenges

Realizing FLASH compatible dose-rates with ex-
isting proton therapy systems comes with tech-
nological challenges. Reports investigating the
FLASH effect in proton therapy have focused
among others on the choice of proton beam de-
livery and the treatment planning method. The
majority of those reports describe proton beam
delivery with either passive scattering (PS) or
pencil beam scanning (PBS). This section will
highlight both methods, including the underly-
ing differences, advantages and challenges of in-
troducing UHDR. Besides, different methods of
treatment planning; transmission beams, Bragg
peak beams and spread-out Bragg peak beams
(SOBP) will be addressed.

Treatment delivery

Passive scattering & FLASH

Passive scattering (PS) uses scattering in a
thin plate to broaden the size of the incident
generated beam, see fig. 2. The lateral edge of
the scattered beam is set by e.g. an aperture,
a multi-leaf collimator or a range compensator,
which enable to determine the position patient
specific. A range modulator is placed before
the scatterers to slow down protons for the
required distal position. Since this method does
not require intermediate processes, the beam
irradiation times are relatively low.

1Acute radiation effect where watery fluid accumulates
in the pericardial sac of the heart
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A drawback of passive scattering however, is that
the maximum dose ends up in the healthy tissue
in front of the proximal boundary of the target
[1]. This reduces the quality and conformity
of the irradiation and can possibly lead to
complications of surrounding healthy organs.
Moreover, the use of scattering causes energy
losses. Due to inelastic Coulomb interaction
between the protons and the scatter material
a broader beam will be produced. The same
energy is released but over a larger volume,
pulling down the dose-rate. Additionally, energy
selection will filter out a large number of protons
to narrow the beams in energy spread and lateral
size. Resulting in the intensity of the beam not
being large enough to irradiate the target with
FLASH compatible dose-rates.

Nevertheless, multiple studies on FLASH pro-
ton therapy used passive scattering as treatment
delivery due to the relatively simple set-up. To
tackle the non-homogeneous dose distribution of
conventional passive scattering, Beyreuther et al.
placed a second scatterer with minimum reduc-
tion in proton fluence in the passive scattering
beam set-up. With this set-up, they were able
to reach a UHDR of over 100 Gy/s with a ho-
mogeneous dose distribution of a sample area of
6.5 mm in diameter. A similar double-scattered
beam set-up was applied in the study of Diffend-
erfer et al.. After comparing UHDR with conven-
tional dose-rates in this set-up, the authors con-
cluded that the main limitation of UHDR in pas-
sive scattering will be the maximum field size that
can be achieved. A dose-rate of 100 Gy/s requires
a beam current of approximately 600 nA to treat
a 5 cm x 5 cm field. Zhang et al. [35] also studied
the FLASH effect with double scattered protons.
To compensate for potential dose drop-off caused
by scattering, an additional plastic absorber is
placed in front of the target against the aper-
ture. This set-up was able to achieve a dose-rate
up to 138 Gy/s with a relatively small homoge-
neous radiation field of 12 x 16 mm. A method to
achieve a high level of conformity of irradiation,
is the placement of a ridge filter in the beam set-
up, proposed in the studies of Akulinichev et al.
[1], Kim et al. [14], Kourkafas et al. [15], Patriarca
et al. [22] and Zhang et al. [34]. A ridge filter cre-

Figure 3: Example of 3D printed ridge filter [22].

ates a poly-energetic proton beam with varying
ranges and Bragg peaks from an incident mono-
energetic proton beam. Usually, these are opti-
mized 3D printed filters as shown in fig. 3. The
combination of the different Bragg peak beams
will together give a larger, fixed spread out Bragg
peak (SOBP). Which will be further elaborated
in section Spread-out Bragg peak beams. Use
of a ridge filter enables to achieve variable dose-
rates for a fixed proton beam energy. Thereby
allowing a seamless transition between ultra-high
and conventional dose-rates. Nevertheless, with
a standard ridge filter healthy tissue surround-
ing the tumor can still receive maximum doses of
irradiation. Therefore, Akulinichev et al. intro-
duced a combined energy filter, a filter consist-
ing of both a standard ridge filter and a shielding
screen. The shielding screen is arranged such that
it covers the strips of the ridge filter. In that way,
the energy spectrum of the transmitted protons
can be changed locally to control the maximum
dose given to the target. Results of Monte-Carlo
calculations showed a high level of conformity of
irradiation with the use of this combined energy
filter.

Pencil beam scanning & FLASH

Pencil beam scanning (PBS) is a technologically
more advanced delivery technique compared to
passive scattering. It is often more precise and is
used by the majority of proton therapy centers.
The proton beams are created by delivering a
sequence of pristine Bragg beams spot by spot,
see fig. 4. To address an entire 3D target volume,
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Figure 4: Schematic representation of pencil
beam scanning with a energy degrader [32].

the pencil beam is steered by dipole magnets and
covers the lateral position layer by layer. The
distal position of the proton beam is determined
by varying the energy of the beam, with for
example an energy degrader.
The precise dose delivery of PBS combined with
the dose sparing effect of FLASH on healthy tis-
sue could be a promising combination. Besides,
PBS can provide a high local dose-rate to the
point of the pencil beam. Thereby expanding
the possible treatment field size compared to PS.

However, the challenge of PBS and FLASH
lies within the time and distances between pencil
beam spots. PBS requires switching of the
beam energy during treatment, this beam energy
switching time is usually 0.1-1.0 s [1, 13] due to
the mechanical displacement moderator material.
With UHDR treatment times of <0.1 s, PBS
spot scanning speed must be in the order of ms to
stay within this time constraint. Where the spot
scanning speed determines the dose-rate, the
spot size is an important factor determining the
rapidity of the transverse dose-rate falloff for a
given spot [12]. Next to time constraints, energy
switching of the proton beam also influences
plan quality. Using multiple proton energies
can increase the total number of proton spots
which results in smaller spot weights and thereby
the optimization will push the minimum MU
constraint [9]. Another challenge of PBS are
the energy degraders that are used to reduce
the incident proton energy. Just as with scatter
materials (section Passive scattering & FLASH),
inelastic Coulomb interactions between the
protons and energy degrader causes energy loss.
The resulting proton beam is not able to reach
a sufficient beam current to achieve the FLASH

compatible dose-rates. For example, a 70 MeV
proton beam going through an energy degrader
loses up to 99% of dose-rate [14].

A possible solution to do reach UHDR with
PBS is the introduction of a ridge filter [13]. This
solution explained at section Passive scattering &
FLASH works for both PS as PBS energy chal-
lenges. With the use of a stationary ridge filter,
variable dose-rates can be achieved for one pro-
ton beam energy. Thereby, also saving the beam
energy switching time of 0.1-1.0 s with conven-
tional PBS. Literature examples, introducing e.g.
a ridge filter, a compensator and a collimator to
achieve a SOBP with PBS are stated in section
Spread-out Bragg peak beams.

Treatment planning

Transmission beams

The maximum dose-rate is achieved by the maxi-
mum beam energy, approximately 230−250 MeV
for current proton therapy systems [30]. Proton
beams with these energies have a range of 35−38
cm in water [20] and therefore shoot through the
patient [31]. The ‘shoot-through’ beams, often re-
ferred to as transmission beams, can be realized
by multiple treatment delivery methods, includ-
ing passive scattering and pencil beam scanning.
Maar als ik nu ga schrijven zegt die helemaal

niks.
Advantageous of transmission beams in combi-

nation with FLASH is that no beam energy will
get lost and ultra-high dose-rates can be achieved
relatively easily. When multiple fields are cho-
sen, transmission beams can achieve comparable
conformity as Bragg-peak based plans. More-
over, there are dosimetric advantages. Range
uncertainties are minimized [12], there is no
additional dose in the organs-at-risk (OARs) and
there is sharp lateral penumbra at all depths [23].

Since transmission beams ‘shoot-through’ the
patient, healthy tissue in the beam path before
and after the target will also be irradiated.
Thereby deducting the healthy tissue saving
aspect of proton therapy. Moreover, since the
Bragg peak lies behind the patient, the trans-
mission beam does not have the sharp distal
dose fall-off after exiting the target that can be
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Figure 5: Schematic overview of spread-out Bragg peak (SOBP) beams and transmission
(‘shoot-through’) beams [30].

achieved with conventional Bragg peak beams.
This requires more beam angles to ensure the
target dose conformity and uniformity [9].

Transmission beams are often used in literature
to demonstrate the FLASH proton therapy effect.
The choice for transmission beams is pragmatic,
besides the dosimetric advantages it is simply the
easiest method to achieve high dose-rates. The
‘shoot-through’ set-ups described in the reports
of Diffenderfer et al. [6], Kang et al. [13], Schwarz
et al. [23], Sørensen et al. [24], van de Water et al.
[25], van Marlen et al. [26] and [30] all achieved
a dose-rate of > 40 Gy/s. These studies inves-
tigated varying treatment sites, in vivo studies
have focused on abdomen Diffenderfer et al. and
leg tumors in mice [24]. Whereas silico studies
have focused on multiple sites e.g. lung, liver,
prostate, pancreas, head-and-neck and brain tu-
mors.

Spread-out Bragg peak beams

A spread-out Bragg peak (SOBP) requires energy
modulation of the proton beam, for example by
a ridge filter. By modulation of the energy, a
mono-energetic proton beam is translated to a
poly-energetic proton beam with varying ranges
and Bragg peaks. The combination of the differ-
ent Bragg peak beams will together give a larger,
fixed SOBP. Based on the succession of layer of
beam spots, SOBP beams allow precise dose de-
livery to the tumor volume [5]. In fig. 5 a simpli-

fied overview of the dose distributions with SOBP
and transmission beams are shown.
The drawback of SOBP beams is that energy

modulation is required, which comes with inef-
ficiency of the beam transmission and thereby
makes it difficult to achieve sufficiently high
enough FLASH compatible dose-rates. More-
over, to date there is limited in vivo data for
FLASH irradiation from PBS systems using
SOBP treatment planning.

To achieve a SOBP with UHDR, the study
of Kourkafas et al. proposed a range modulator
wheel. First, the beam passes a single scatterer,
acting as a range shifter and removing two-thirds
of the proton’s kinetic energy. Followed by the
3D printed modulator wheel, designed with 48
periods of 8 steps, which produces a flat depth-
dose distributed SOBP. Even though a substan-
tial part of the kinetic energy of the protons is
lost in this set-up, a dose-rate of 75 Gy/s could
be reached. A non-rotating range modulator is
applied by Schwarz et al.. In addition, the 3D
range modulator of this study is coupled to a
field-specific range shifter. This enables all fields,
regardless the distal position of the target, to
achieve the highest beam energy available and
thereby the highest beam current possible, result-
ing in dose-rates over 100 Gy/s. Another method,
mentioned before, is the use of a ridge filter to
obtain a SOBP. Compared to the conventional
energy modulation methods, a ridge filter allows
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a time saving of a factor 5-10 [22]. Therefore, Pa-
triarca et al. [22] was the first to propose and de-
sign a 3D printed plastic ridge filter to study the
FLASH effect on small animals. A dose-rate of
40 Gy/s was achieved with their proposed set-up.
Zhang et al. [34] proposed a similar set-up, com-
bining the ridge filter with a range shifter (range
modulator) to compare the FLASH effect in pas-
sive scattering and pencil beam scanning treat-
ment plans.

4 Discussion

Biological aspects

The biological effect of FLASH proton therapy
has been confirmed in multiple in vivo animal
studies [5–7, 14, 24, 29, 34]. However, these stud-
ies do differ in method; dose-rate, dose delivery,
measurements, the choice of beam, etc. For ex-
ample the dose-rate; the first electron therapy
FLASH studies [8] have set the UHDR thresh-
old on > 40 Gy/s. The dose-rates used in the
studies that investigate the biological effect dif-
fer from 40 Gy/s up to 120 Gy/s [7]. Thereby,
it is challenging to compare the studies directly.
Also, the experimental data is still scarce and the
biological mechanisms of the FLASH effect is not
globally agreed on. Nevertheless, the first human
trial with UHDR electron beam has been con-
ducted [4] and the first proton trial has started
[28]. Results of Bourhis et al. [4] showed posi-
tive results in the long-term biological responses
of the healthy tissue with FLASH.
Not all experiments show the beneficial aspect

of FLASH over conventional proton therapy [3].
Nonetheless, the most studies do show similar tu-
mor control and sparing of the healthy tissue. Al-
though a lot of research is still needed, it can be
stated that the biological FLASH effect is con-
firmed for proton therapy.

Technological aspects

The feasibility of UHDR has been investigated
with different treatment modalities and planning
methods.
Passive scattering is a relatively easy method to

deliver proton beams. However, the conventional
set-up with scatter foils reduces the initial beam

energy which makes it difficult to achieve FLASH
compatible dose-rates. Yet, the first studies in
FLASH proton therapy used scattering for beam
delivering [3, 6, 14, 15, 22, 29, 30, 35]. This
choice is because it is relatively simple to radi-
ate the target area with a homogeneous dose.
Nevertheless, PBS has a better position in tak-
ing care of precise delivery. Therefore a trend
can be seen where more studies research the fea-
sibility of UHDR with conventional PBS systems
[5, 7, 9, 10, 12, 13, 16, 17, 23–27, 31, 34]. The dis-
advantage of PBS is that more factors need to be
accounted for dose-rate quantification. Such as
the time it costs to change the energy per spot,
this is way to slow for FLASH treatment. To
overcome this, studies have showed that FLASH
compatible dose-rates can be achieved with high
proton energy and placing a compensator, possi-
bly a collimator and a ridge filter. Still, the dif-
ferent factors such as inter-spot switch time, dose
threshold, spot dose weighting effect etc. [22]
could have implications on the FLASH effect that
needs to be evaluated further.

Several treatment planning studies have looked
into the factors that affect the feasibility of
FLASH. Next to dose-rates, these studies focused
on the dose uniformity in the target and the dose
delivered to healthy tissue. The majority of the
treatment planning studies include either trans-
mission plans or SOBP plans.
The choice for single-energy proton beam trans-
mission plans is primarily pragmatic, since it is
a relatively easy method to achieve high dose-
rates. Besides, transmission beams can be ben-
eficial for certain treatment sites since there is
no range uncertainty and there is a sharp lateral
penumbra at all depths [23]. The studies in this
literature review conducting transmission beams
[9, 13, 23–26, 30] show that it can achieve high
dose-rate coverage in healthy tissue and good tar-
get uniformity [31]. However, transmission plans
under perform in sparing healthy tissue distal to
the target. Therefore, these plans are not suit-
able for certain treatment sites and patients as
OARs could be in the beam path, affecting the
overall plan quality. A more advanced method of
treatment planning is by realizing a spread-out
Bragg peak beam which gives better dose con-
formity around targets and increased healthy tis-
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sue sparing compared to transmission beams. To
achieve such a beam, a range modulator wheel
[15, 23] and a ridge filter [1, 13, 14, 22, 34] are pro-
posed. The set-ups with range modulator wheels
achieved dose-rates over 100 Gy/s. However,
if dose-rates are increased, the range modulator
might not be able to keep up with the rotating
frequency of the wheel [15]. This might compli-
cate the FLASH effect, whereas a ridge filter has a
more fine periodic structure. Therefore, the ridge
filter is more delicate solution. Even though the
use of SOBP seems promising in target confor-
mity and healthy tissue sparing at UHDR, there
is limited in vivo data available. Nevertheless,
the study of Kim et al. that is available shows ev-
idence of improving tumor control while reducing
toxicity of healthy tissue using SOBP beams.
Despite the choice of treatment modality and

planning method, the studies used in this lit-
erature review vary their approach in dose-rate
determination. Some papers mention the use
of metrics to calculate the dose-rate. Pop-
ular used metrics are dose-averaged dose-rate
(DADR) [9, 10, 12, 13, 16, 23, 25–27, 31], aver-
age dose-rate (ADR) [12, 31] and dose-threshold
dose-rate (DTDR) [12, 31]. Where DADR gives
the highest dose-rate, not considering a time or
dose-threshold and has the better dose-rate uni-
formity [12]. Since not all studies use the same
calculation method, it is complex to compare dif-
ferent studies on the dose-rates.
Similar to dose-rate calculation; dose and dose-

rate optimization is a subject that appears in nu-
merous studies. The FLASH effect comes with
the planning trade-off of minimizing the dose re-
ceived by healthy tissue while also meeting the
minimum dose threshold of 3.5− 7 Gy [19] to the
target. Gao et al. [9] for example proposed a si-
multaneous dose and dose-rate optimization (SD-
DRO) to optimize both the dose distribution as
the tissue-receiving dose-rate distribution. This
treatment optimization method has been further
studied by both Gao et al. [10] and Lin et al. [17].
Where Lin et al. included both transmission and
Bragg peak beams in the optimization.
An interesting subject in the field of (FLASH)

treatment planning is hypofractionation [12, 23,
25]. With a hypofractionated treatment sched-
ule, the total dose of radiation is divided into

large doses over a small number of fractions (1-5)
[20]. This allows for escalation of the biologically
effective dose and potentially improves tumor
control. Combined with FLASH, hypofractiona-
tion can increase the dose-rate coverage for spar-
ing healthy tissue and may further improve the
FLASH effect [9, 17]. This statement is verified
by the study of van de Water et al., who showed
that hypofractionation resulted in higher dose-
rates, especially for transmission beams. More-
over Krieger et al. [16] compared a variety of PBS
treatment scenarios and found a positive clinical
benefit for hypofractionated transmission beam
plans. However, increasing the dose makes accu-
rate delivery of every fraction more critical and
requires improved methods for the prediction of
the biological effect.
Taking into account the technological as-

pects mentioned above, a variety of possibili-
ties to achieve FLASH compatible dose-rates has
been investigated. Discussing treatment deliv-
ery methods shows an advantage of pencil beam
scanning over passive scattering to achieve a ho-
mogeneous dose distribution with FLASH dose-
rates. Although, realizing UHDR with PBS does
require high proton energy beams with a set-up
including a compensator, potentially a collima-
tor and a ridge filter. The use of a stationary
ridge filter is an elegant approach to achieve a
SOBP. As of limited in vivo data is available on
the FLASH effect with SOBP beams, further re-
search is needed. On the other hand, pencil beam
scanning with transmission beams could be bene-
ficial on certain treatment sites where it possible
to irradiate with a ‘shoot-through’ beam without
delivering too much dose to organs-at-risk.

Clinical aspects

As of the number of pre-clinical studies in FLASH
therapy is increasing, the evidence is gathering
that the FLASH effect exists. The results show
perspective to further investigate FLASH exper-
iments in the clinic. Nevertheless, the question
remains on how to implement FLASH therapy
clinically. It could be stated that proton therapy
has specific advantages over other radiotherapy
modalities. Where electron beams are restricted
to superficial tumors, current photon therapy sys-
tems are not capable of achieving UHDR. Proton
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therapy enables precise and accurate delivery of
high dose thereby allowing the treatment of deep-
seated tumors.

Besides the limited field size and dose-rate lim-
itation of passive scattering, it is important to
note is that the majority of proton therapy cen-
ters use pencil beam scanning for treatment deliv-
ery. Next to the advantages of PBS over PS, it is
therefore convenient to use existing PBS systems
to implement FLASH in the clinic.

The highest dose-rate with a cyclotron can be
achieved with the maximum beam energy. With
beam energies of 230 - 250 MeV this results in
transmission beams that lack the characteristic
sharp dose fall-off for the tissue behind the tumor
compared to conventional proton treatment plan-
ning. However, these ‘shoot-through’ beams min-
imize range uncertainties in heterogeneous tissues
which makes them well-suited for treatment sites
as lung and head-and-neck. Yet, FLASH pro-
ton therapy could benefit other treatment sites
by using the Bragg peak characteristics. The use
of a ridge filter enables to achieve a SOBP dose-
distribution which is suitable for more complex
tumors surrounded by vital organs. In the first
clinical studies, breast cancer would be a proper
treatment site to start investigate proton FLASH.
With regard to current breast cancer treated pa-
tients, there is room to decrease the level of toxic-
ity and besides it is a relevant site to spare organs-
at-risk such as the heart [18, 33].

Limitations

There are some limitations to this review. First
of all, it is possible that some relevant studies are
missing because the search strategy was not com-
plete enough. Besides, since the field of FLASH
radiotherapy is a rapid growing research commu-
nity, it might be that recent papers are miss-
ing. Second, this review mainly focuses on passive
scattering, pencil beam scanning, transmission
beams and spread-out Bragg peak beams while
there might be other treatment delivery or plan-
ning methods that could benefit FLASH proton
therapy.

5 Conclusions

Clinical research on FLASH in proton therapy
is promising. Multiple in vivo studies confirm
the biological FLASH effect, showing similar tu-
mor control and improved healthy tissue sparing.
However, there is still a lot unknown on the bio-
logical mechanisms behind FLASH that needs to
be further investigated. Also, there is no consen-
sus yet on the boundary conditions under which
the FLASH effect occurs. A variety of metrics has
been proposed to compare dose-rates of which re-
cent studies mainly used the same dose-averaged
dose-rate (DADR) metric.
Moreover, currently available proton beam sys-

tems are able to achieve FLASH compatible
ultra-high dose-rates. While passive scattering
is a relatively simple method to realize a proton
beam, pencil beam scanning has a high potential
to combine precise delivery and high dose-rates to
maximize the FLASH effect. Both transmission
beams and spread-out Bragg peak beams are suit-
able for FLASH proton therapy. While transmis-
sion beams are more suitable for targets in het-
erogeneous tissues surrounded by a relatively low
number of critical organs, SOBP beams could be
a promising solution in saving healthy tissue both
proximal and distal to the target at more com-
plex treatment sites. To fully adapt and develop
existing proton therapy technology to meet the
challenges of FLASH, more research is required
to understand the impact of delivery conditions
and establish the required treatment parameters.
Even though research is needed on the biolog-

ical, technological and clinical aspects, FLASH
proton therapy has high potential to bring ben-
efit and is definitely worth to further investigate
clinically.
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Appendix A Search Terms

Embase

(((‘proton therapy’/de OR ‘particle therapy’/de OR ‘proton therapy system’/de ) AND (‘megadose’/de
OR ’high dose radiotherapy’/de OR ‘drug megadose’/mj)) OR (((FLASH OR ultra-high-dose* OR
high-dose-rate*) NEAR/9 (proton* OR particl*) NEAR/3 (therap* OR radio* OR radiat* OR irra-
diat* OR deliver* OR effect* OR beam* OR treatment*)) OR ((FLASH OR ultra-high-dose* OR
high-dose-rate*) NEAR/3 (PT))):ab,ti,kw)

Medline

((((FLASH OR ultra-high-dose* OR high-dose-rate*) ADJ9 (proton* OR particl*) ADJ3 (therap* OR
radio* OR radiat* OR irradiat* OR deliver* OR effect* OR beam* OR treatment*)) OR ((FLASH
OR ultra-high-dose* OR high-dose-rate*) ADJ3 (PT))).ab,ti,kf.)

Web of Science

TS=(((((FLASH OR ultra-high-dose* OR high-dose-rate*) NEAR/9 (proton* OR particl*) NEAR/2
(therap* OR radio* OR radiat* OR irradiat* OR deliver* OR effect* OR beam* OR treatment*))
OR ((FLASH OR ultra-high-dose* OR high-dose-rate*) NEAR/2 (PT)))))

Appendix B Search Details

Table 1: Overview of the databases used for this literature review.
The databases were accessed on 04-04-2022.

Database searched Platform Years of coverage
Embase Embase.com 1971 - Present
Medline ALL Ovid 1946 - Present
Web of Science Core Collection* Web of Knowledge 1975 - Present

*Science Citation Index Expanded (1975-present) ; Social Sciences Citation Index (1975-
present) ; Arts & Humanities Citation Index (1975-present) ; Conference Proceedings
Citation Index- Science (1990-present) ; Conference Proceedings Citation Index- Social
Science & Humanities (1990-present) ; Emerging Sources Citation Index (2005-present)

2022



B
Wishlists

Table B.1: Wishlist used for generating treatment plans for early-stage breast cancer patients, with Dpr the prescribed dose.

Structure Min/Max Type Goal Priority
1 GTV Maximize (minimum) Linear Dpr Constraint
2 PTV without GTV Maximize (minimum) Linear 0.98 ·Dpr Constraint
3 PTV without GTV Minimize (maximum) Linear 1.12 ·Dpr 1
4 GTV Minimize (maximum) Linear 1.14 ·Dpr 2
5 Mamma Ipsilateraal without PTV Minimize (maximum) Linear 0.32 ·Dpr 3
6 Region Outside PTV Minimize (maximum) Linear 0.62 ·Dpr 4
7 Region Outside PTV Minimize (maximum) Mean 0 5
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C
Results second patient

C.1. IMPT treatment plans
An example of a generated IMPT treatment plan is shown in fig. C.1. The treatment plan prescribed a
dose of 21 Gy to the PTV (delineated in red). The yellow delineation represents the GTV. The uniformity
of this plan is expressed in the HI = 0.9768 and the coverage of the PTV is 1.0175.

Figure C.1: Dose distribution of a single fraction IMPT plan with a prescribed dose of 21 Gy and three beam angles, 20◦, 25◦,
35◦.

The results of the optimization of IMPT treatment plans are presented in table C.1, including the
treatment planning times and the number of energy layers and lateral positions in the final plan. In
fig. C.2, the dose distributions of the selected energy layers for the single fraction IMPT treatment plan
are shown.
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Table C.1: Optimization results of the treatment planning times, number of selected energy layers, and the number of lateral
positions for the IMPT treatment plans.

Treatments plans Beam angles (◦) Treatment planning
time (HH:MM)

Number of
energy layers

Number of
lateral positions

1 fraction 20 2:01 14 391
2 fractions 15, 35 6:27 26 467
3 fractions 20, 25, 35 12:36 37 484
4 fractions 15, 20, 30, 35 22:12 47 490
5 fractions 15, 20, 25, 30, 35 35:44 55 483
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Figure C.2: Relative dose distribution in water of the selected energy layers for a single fraction IMPT treatment plan with a
beam angle of 30◦.
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C.2. Ridge filter treatment plans
An example of a generated ridge filter treatment plan is shown in fig. C.3. This treatment plan is the iso-
effective single-fraction dose distribution of three separate SFUD plans. In fig. C.4 the dose distribution
of the individual plans is given. These treatment plans are prescribed on 11.55 Gy such that the three
fractions together have an iso-effective single-fraction dose of 21 Gy, comparable to the IMPT treatment
plan in fig. C.1. The HI of the individual fraction doses are 1.1482, 1.2069, and 1.0640 for respectively
the beam angles 20◦, 25◦, and 35◦. The conformality index of the overall ridge filter plan is 2.5533,
indicating an significant overdose.

Figure C.3: Dose distribution of a ridge filter plan consisting of three single-field uniform dose fractions with three different
angles, 20◦, 25◦, 35◦, and each fraction a prescribed dose of 11.55 Gy.
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(a) Beam angle 20◦.

(b) Beam angle 25◦.

(c) Beam angle 35◦.

Figure C.4: Dose distribution of three SFUD fractions, each having a prescribed dose of 11.55 Gy.
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C.2.1. Implementation in iCycle
The main difference between the IMPT and ridge filter treatment plans is the freedom of spot selection.
Where IMPT has the freedom to position pristine Bragg peaks across the entire target volume, ridge
filter treatment plans require the pristine Bragg peaks belonging to one SOBP to be positioned at the
same lateral position. Besides, only one SOBP can be selected for every lateral position. Figure C.5
shows this difference in positioning of the pristine Bragg peaks for generated treatment plans of both
IMPT and ridge filter. It can be seen that the Bragg peak spots of the ridge filter plans are all positioned
in series on a specified regular grid.

(a) (b)

Figure C.5: Example of the pristine Bragg peak locations (black dots) in an IMPT (a) and ridge filter (b) treatment plan with
single beam angle 20◦. The yellow and red circles are delineations of respectively the GTV and PTV.

The optimization times from the optimization of the ridge filter treatment plans are stated in table C.2.
In fig. C.6 the depth range for one treatment plan is shown, by plotting the SOBP beams belonging to
the selected energy layers.

Table C.2: Optimization results of the treatment planning times, number of selected energy layers, and the number of lateral
positions for the beam angles of the five fractions ridge filter treatment plan.

Beam angle (◦) Treatment planning
time (HH:MM)

Number of
energy layers

Number of
lateral positions

15 2:25 8 115
20 2:08 7 127
25 2:18 7 119
30 2:04 7 117
35 3:32 9 123
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Figure C.6: Relative dose distribution in water of the SOBP beams of the selected energy layers for a single fraction ridge filter
treatment plan with a beam angle of 30◦.

C.2.2. SBPF
The ridge filter treatment plans are generated as single beam per fraction delivery, where each fraction
a uniform dose is delivered. In table C.3 the homogeneity indices for ridge filter plans with a prescribed
dose of 8.65 Gy (five fraction schedule) are given. The final SBPF ridge filter treatment plans are
generated with the five beam angles with favorable homogeneity indices (closest to 1.07), varying
between 15 and 50 degrees for each patient. This is repeated for the treatment plans with 1, 2, 3, and
4 beam angles. For this patient, this resulted in the beam angles listed in table C.4.

Table C.3: HI for different beam angles for SFUD ridge filter treatment plans with single fraction doses of 8.65 Gy.

Beam angle (◦) Homogeneity index
15 1.1844
20 1.2301
25 1.2063
30 1.4817
35 1.0986
40 1.5498
45 1.6550
50 3.1520

Table C.4: Selected beam angles for the SBPF fractionated ridge filter plans

Number of fractions Selected beam angles (◦)
1 20◦
2 15◦, 35◦
3 20◦, 25◦, 35◦
4 15◦, 20◦, 30◦, 35◦
5 15◦, 20◦, 25◦, 30◦, 35◦
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C.2.3. FLASH effect
The FLASH effect is applied by reducing the dose in the healthy breast tissue by the FLASH enhance-
ment ratio. The dose distribution with applied FLASH effect by increasing FER is shown in fig. C.7. It
can be seen that the dose in the voxels outside the CTV is reduced while the dose in the CTV remains
the same. Moreover, the dose of voxels below the threshold of 7 Gy is not changed.

C.3. Analysis
The generated IMPT and ridge filter plans are all assessed on the homogeneity and conformity index
for clinical acceptability. Moreover, the risk of developing fibrosis and fat necrosis is calculated. This
section will show the evaluation results for five different treatment plans varying the number of beam
angles: 1, 2, 3, 4, and 5. To conclude the analysis, the results of the IMPT and ridge filter treatment
plans are summarized and the FERs for which the ridge filter treatment plans outperform the IMPT
plans are listed.

C.3.1. Uniformity
Figure C.8 gives the results of the homogeneity indices of the five generated ridge filter treatment plans,
which are compared to the results for the IMPT treatment plans, table C.5. It can be seen that the HI
curves decrease with an increase in FER. The HI indicates the ratio of the near minimum dose in the
PTV and the prescribed dose in the PTV. As the FER is applied to all voxels except for the CTV cells,
within the PTV the FER is only applied to the voxels laying in a ring around the CTV. The near-minimum
dose of the PTV is expected at the edge of the PTV, probably most likely outside the CTV. It is therefore
expected that the near-minimum dose and thereby the HI follows the linear regression of the FER. With
a FER of 1.1789, all treatment plans satisfy the clinical recommendation for the homogeneity index and
from a FER of 1.2716, the ridge filter treatment plans benefit the IMPT plans in uniformity. The ridge
filter treatment plan with 5 fractions shows the most homogeneous treatment plan.

Table C.5: Homogeneity indices for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles Homogeneity index
1 0.9781
2 0.9813
3 0.9768
4 0.9842
5 0.9942

C.3.2. Coverage
Figure C.9 gives the results of the conformity indices of the five generated ridge filter treatment plans,
which are compared to the results for the IMPT treatment plans, table 3.7. It can be seen that the CI
reaches a certain threshold of approximately CI = 0.6. This limitation is the volume ratio of the CTV
and PTV. For a certain FER, there are no voxels outside the PTV receiving a dose level ≥ 95% of the
prescribed dose. The dose level of the voxels in the CTV does not change so the conformality index will
just be the volume of the CTV divided by the PTV. With a FER of 1.6409, all treatment plans benefit the
IMPT plans in conformity. The ridge filter treatment plan with 2 fractions shows the highest coverage
in the dose distribution.

Table C.6: Conformity indices for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles Conformity index
1 1.0052
2 0.9995
3 1.0175
4 1.0020
5 1.0012
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(a) FER=1.2.

(b) FER=1.5.

(c) FER=2.0.

Figure C.7: Dose distribution of ridge filter treatment plan from fig. C.3 for different values for FER applied to the healthy tissue.
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Figure C.8: Homogeneity indices of the five ridge filter treatment plans for different magnitudes of the FLASH enhancement
ratio. The black line represents the clinical recommendation of HI = 1.07 and the red line represents the HI of the IMPT plans,

which can be found in table C.5
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Figure C.9: Conformality indices of five ridge filter treatment plans for different magnitudes of the FER. The red line represents
the CI of the IMPT plans, which can be found in table C.6
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C.3.3. Fibrosis
The risk of fibrosis is expressed through the normal tissue control probability and the results are shown
in fig. C.10. It can be seen that the FER has a substantial impact on the risk of fibrosis. With a FER of
1.8605, all treatment plans benefit the IMPT plans in the risk of developing painful fibrosis. The ridge
filter treatment plan with 3 fractions shows the most favorable values for NTCP.

Table C.7: Normal tissue control probabilities for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles NTCP
1 0.5818
2 0.5976
3 0.5766
4 0.5918
5 0.5929

C.3.4. Fat necrosis
The first metric on fat necrosis is the maximum dose in the healthy tissue, results can be found in
fig. C.11. The results for the 2 - 5 fractions are relatively high but the maximal dose of the 5 fractions
treatment plan is significantly higher, requiring a FER > 2. With a FER of 1.9187, the treatment plans
for 2 - 5 fractions satisfy the recommendations from Rahimi et al. [48]. The ridge filter treatment plan
with 3 fractions shows the lowest maximal dose curve.

Table C.8: Maximal dose for the five IMPT treatment plans with single fraction doses of 21 Gy.

Number of beam angles Dmax

1 21.5919
2 22.2069
3 22.7476
4 22.1242
5 22.1420

The other recommendations of Rahimi et al. [48] prescribe limitations on the volumes receiving
18.94, 19.56, 20.66, 21.79, and 22.92 Gy. In fig. C.12, the dose-volume curves for the healthy breast
tissue are shown. It can be seen that a FER > 2 is required for all ridge filter treatment plans to benefit
the IMPT treatment plans. Moreover, it can be seen that the smallest discrepancy between the ridge
filter plan curves and the constraint curves is often near the maximum dose.
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Figure C.10: Normal tissue control probability of developing fibrosis for five ridge filter plans for different magnitudes of the
FER. The red line represents the NTCP of the IMPT plans, which can be found in table C.7
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Figure C.11: Maximal dose in healthy breast tissue for five ridge filter plans for different magnitudes of the FER. The black line
represents the recommendation of 23.14 Gy and the red line represents the maximal dose of the IMPT plans, which can be

found in table C.8
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Figure C.12: Dose-volume curves for the healthy breast tissue for the dose range 18.94 - 22.92 Gy. The dose-volume curve is
drawn for every value of FER. The black line represents the constraints from Rahimi et al. [48] and the red line shows the

dose-volume curves from the IMPT plans.
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C.3.5. FLASH effect
Table C.9 shows a summary of the results for all metrics. The last column states the value of FER for
which the ridge filter treatment plan outperforms the IMPT treatment plan on all metrics: uniformity by
the homogeneity index, coverage by the conformity index, risk of fibrosis by the NTCP, and risk of fat
necrosis by the maximal dose.

Table C.9: Overview of the results of the evaluation of the five different IMPT and ridge filter treatment plans. The required
FER for a ridge filter treatment plan to benefit the equivalent IMPT plan is stated in the last column.

Number of
fractions Beam Angles (◦) HI CI NTCP Dmax

(Gy)
Required
FER

IMPT 1 20 0.9781 1.0052 0.5818 21.5919 -
Ridge filter 1 20 1.0427 2.5620 1.0000 48.5440 > 2.0

IMPT 1 15, 35 0.9813 0.9995 0.5976 22.2069 -
Ridge filter 2 15, 35 1.1092 2.4242 1.0000 44.0124 1.9998

IMPT 1 20, 25, 35 0.9768 1.0175 0.5766 22.7476 -
Ridge filter 3 20, 25, 35 1.1350 2.5533 1.0000 40.4108 1.8944

IMPT 1 15, 20, 30, 35 0.9842 1.0020 0.5918 22.1242 -
Ridge filter 4 15, 20, 30, 35 1.2343 2.6475 1.0000 43.2928 > 2.0

IMPT 1 15, 20, 25, 30, 35 0.9942 1.0012 0.5929 22.1420 -
Ridge filter 5 15, 20, 25, 30, 35 1.2281 2.6212 1.0000 42.8287 1.9994
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