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Chapter 1

Introduction

1.1 Radiotherapy
In radiotherapy, ionizing radiation is used to treat cancer. It is one of the three main cancer
treatment options, in addition to surgery [1] and chemotherapy [2], and is often used in
combination with one of these other options to deliver multimodal cancer treatment [3]. An
optimal radiotherapy treatment delivers a high radiation dose to the target, while at the same
time keeping the dose outside the target as low as possible.
The ionizing radiation can be delivered by different means. In external beam radiation therapy
(EBRT), the radiation originates from a source outside of the body, such as X-rays. EBRT is
used for most of the radiotherapy treatments worldwide (86-96%) [4] as it is relatively easy
to deliver. In brachytherapy the radiation source is placed inside the body, close to or in the
target itself. The inserted source can be either permanent small seeds or temporary needles
[5]. The advantage of brachytherapy is that the radiation is delivered very locally to the target
and the dose to surrounding healthy tissue is limited [6].
In EBRT several types of ionizing radiation can be used. Photons, namely gamma- or X-rays
[7], are used most often [8] as they are simple to generate, for example in orthovoltage X-ray
machines, in a linear accelerator (linac) [9] or using cobalt-60 sources [10]. Where dose to
a shallow target has to be delivered, electrons can be used. And since several decades, radio-
therapy using heavy particles such as protons is under research [11], because of the potential
high local dose that can be delivered by these particles.
As it is crucial to know the exact location of the target to which the radiation dose has to be de-
livered, imaging plays an important role in radiotherapy treatment. A treatment plan is based
on pre-treatment imaging, historically acquired by X-ray imaging, but nowadays by Com-
puted Tomography (CT) [12] or Magnetic Resonance Imaging (MRI) [13]. Although the
treatment planning is often still mainly based on this pre-treatment imaging, image-guided
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radiotherapy (IGRT) plays an increasing role (section 1.2). In IGRT the treatment can be ad-
justed based on up-to-date imaging, for example because of changes in anatomy, acquired by
on-board imaging devices. Ultimately high-quality imaging is performed during treatment
itself so online adaptive treatment can be provided. This is the purpose of the recently devel-
oped treatment systems with integrated MR-imaging, such as the MR-linac [14, 15] and the
MRIdian [16].
In proton therapy, image guidance is also emerging, leading to the development of image-
guided proton therapy (IGPT). IGPT combines the benefits of the high and local dose of
proton therapy with the advantages of highly accurate and high contrast up-to-date imaging
and can lead to more precise proton therapy treatment. Based on the development of theMR-
linac, the ideal solution would combine MR-imaging with proton therapy treatment. Before
such a system can be developed, an important issue to address is the the dosimetric feasibility,
which is the focus of this thesis.

1.2 Image-guided radiotherapy
To deliver a highly accurate dose to the target while sparing the surrounding healthy tissue
as much as possible, up-to-date imaging of the patient anatomy is essential [17]. Imaging
acquired pre-treatment under the assumption that the patient anatomy remains unchanged
from then on does typically not suffice, as the anatomy often will change either between frac-
tions (inter-fraction motion) or during a fraction (intra-fraction motion). Examples of such
changes are tumor shrinkage [18], peristalsis [19], cavity filling [20–22], or weight gain or
loss [23], which can only be detected if additional imaging is performed. This requirement
for subsequent imaging during treatment has led to the development of image-guided radio-
therapy (IGRT).

Imaging
In current regular radiotherapy practice, a CT scan is made before treatment, sometimes sup-
plemented by an MRI scan. The target and organs at risk (OAR) are delineated and a plan
is generated to deliver the radiation dose, which is calculated by a treatment planning system
(TPS). The acquisition of additional imaging, might potentially detect anatomical changes
that can be taken into account by treatment plan adaptation. For this, several methods are al-
ready available, such as selecting a plan of the day from a library of plans [24] or by replanning
based on the updated anatomy, either online [25] or offline by adjusting subsequent fractions
[26].
Treatment systems are often equipped with on-board imaging systems for verification before
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start of dose delivery. The integration of imaging in the treatment system has several benefits.
On-board imaging allows for the imaging of the patient on the treatment table in the exact
position in which the radiation dose will be delivered and the minimization of positioning
errors, but can also provide an up-to-date overview of the current anatomy. Therefore the
on-board imaging ideally delivers accurate and high-contrast images, where not only bony
structures can be distinguished, but also soft tissue.
Planar imaging is integrated in most treatment systems as an kilovolt X-ray system [27, 28]
or as a megavolt electronic portal imaging devices (EPID) [29, 30]. It can provide a quick
overview of mainly the bony anatomy, but because of its weak soft-tissue contrast, it has
been partly replaced by cone-beam CT (cbCT) for position verification [31], an alternate
implementation of regular CT [32] that can provide fast imaging with, compared to X-rays,
improved soft tissue contrast [33]. The implementation of markers can act as a surrogate to
improve the identification of soft-tissue structures [34, 35] and online treatment planning
based on cbCT is already under research [36–39].

MRI-based radiotherapy
Because of the limitations of X-ray-based on board imaging systems, other imagingmodalities
were considered for online imaging. MRI is an imaging modality based on nuclear magnetic
resonance induced by strong magnetic fields and radiofrequency pulses [13]. There are sev-
eral advantages when compared with other imaging modalities. High soft-tissue contrast can
be achieved, allowing for the classification of a broad range of tissues [40] and can improve
the delineation of target and OARs [41]. Especially in proton therapy, which is highly de-
pendent on tissue densities, this is an important quality. The image is acquired without the
use of ionizing radiation, so continuous acquisition could be performed without delivering an
unwanted radiation dose to the patient.
The advantages of MRI have led to the recent development of linacs integrated with MR-
scanners. At the UMC Utrecht the 1.5T MR-linac has been developed in collaboration
with Elekta (Stockholm, Sweden) and Philips (Best, The Netherlands) [14, 15], on which
the first patients have already been treated [42]. Other groups also developed such an inte-
grated system, such as the 0.35TMRIdian by Viewray (Oakwood Village, Ohio, USA) [16].
Because of these successful developments, several groups have started to investigate the possi-
ble integration of anMR-proton system and the development ofMRI-guided proton therapy
[43–45].
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1.3 Proton therapy
Bragg Peak
In proton therapy protons are used for the delivery of the dose to the target. Protons are
heavy, positively charged particles particles (hadrons). Their energy loss is governed by the
Bethe-Bloch equation [46–48], which gives the stopping power [49, 50] per unit length dx
and can be written in a simplified form as

S ≡ − dE
dx = C1

Z

A

1

β2

(

ln C2β
2

I(1− β2)
− β2

)

, (1.1)

with Z the atomic number, A the atomic mass number, β the relativistic factor and I the
mean excitation energy [49, 51] of the material (and C1,2 constants). This shows that the
energy loss depends largely on the tissue composition, so it is important to have adequate
data on these properties in the delivery of proton therapy.
From eq. (1.1) it follows that at a certain depth, when all energy has been lost, the proton stops.
This results in a steep dose fall-off at the end of the proton range, compared to the energy
loss in the case of a photon beam. This characteristic of protons led to the first proposed use
of protons for radiotherapy treatment in the 1940s [11]. The point where this large amount
of dose is delivered and beyond which the proton does not propagate is called the Bragg Peak
(BP) [52, 53], see fig. 1.1. The depth a proton will reach is energy dependent and is defined
by the proton range R0, defined as the 80% distal dose point of the peak where 50% of the
protons have stopped [53]. The existence of the BP could lead to a high-precision dose to the
intended target while sparing the distally-located healthy tissue [54–57].
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Figure 1.1: Example of a simulated Bragg Peak of 221.8MeV in a water phantom. The dose is normalized to the
maximum value. The Bragg Peak and proton range are marked.

Delivery
The protons used for treatment have to be generated by an accelerator, for example a cyclotron
[58] or synchrotron [53, 59]. The proton beam is transported to the treatment gantry [59–61],
where it is delivered to the patient by one of two available techniques: passive scattering or
pencil beam scanning [53]. In both techniques, a treatment plan usually consists of multiple
treatment fields [62].
In passive scattering, the mono-energetic, small cross-section proton beam is scattered to a
beamwith uniform penetration and intensity and the energy is modulated to match the target.
For this a range modulator has to be constructed, that matches the distal edge of the target.
The main disadvantages of passive scattering are that the distal edge also determines the prox-
imal dose profile and that for every target a specific range modulator has to be constructed.
Therefore the use of this technology is declining, to be replaced with pencil beam scanning.
In pencil beam scanning (PBS) or spot scan proton therapy, the initial beam is steered di-
rectly to the patient by a system of two orthogonal dipole magnets [53]. The energy of these
spots is modulated by a range modulator, creating different energy or depth layers. Also the
the intensity or weight of each spot can be modulated. Numerous spots, divided over the
different fields, are combined to get the desired dose coverage of the target. Several optimiza-
tion methods are available to determine these spots. In Single Field Uniform Dose (SFUD)
delivery, each field in the plan is optimized separately to give a homogeneous coverage of
the target. In Multiple Field Uniform Dose (MFUD) all fields are optimized together, so
the dose coverage of one of the fields separately is not necessarily uniform. This method is
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often called Intensity Modulated Proton Therapy (IMPT). The advantage of PBS is that a
more conformal dose can be delivered, with the ability to adjust the plan without the need
for dedicated range modulators. Most modern proton therapy treatment systems are able to
deliver PBS.

1.4 Image-guided proton therapy
In proton therapy a minor misalignment might result in large dose changes. Because of the
steep dose fall-off (section 1.3), a misalignment of a few millimeters could lead to a decrease
of the dose in the target up to a 100% and an increase of this same amount of dose in the
surrounding healthy tissue [63, 64]. To assure that the target coverage is maintained, safety
margins are added in the treatment plan [65, 66], but this cannot prevent overdosage of
healthy tissue and in some cases are even not sufficient for adequate target coverage [67].
Another method to include uncertainties for movement and increase dose conformality in
proton therapy is robust planning [68–70], but this does not compensate for large anatomical
changes.
Currently, IGPT consists mainly of planar X-ray or cbCT imaging for daily patient position-
ing [71]. Another solution that has been developed is in-room CT [72, 73] or MR imaging
[74]. Although this can provide an up-to-date anatomy, the patient has usually to be trans-
ferred to the treatment table, where only the basic imaging is available for further positioning.
The transfer itself can also lead to an again changed anatomy, although this is not necessarily
significant [75]. Errors in patient positioning can thus lead to range uncertainties.
Because of the strong dependence of the proton energy loss and dose deposition on the tissue
composition (eq. (1.1)), knowledge of the patient tissue is even more crucial in proton ther-
apy treatment. The properties of the tissue through which the protons traverse determines
the energy loss and hence the proton range and insufficient information on these properties
lead to a further increase of range uncertainties. Especially radical changes in density, can
significantly deteriorate the planned dose delivery. Examples of such changes are the appear-
ance of an air bubble, the aforementioned filling of a cavity or the movement of bone in the
treatment field.
Improved on-board imaging in proton therapy is therefore necessary to reduce these range
uncertainties and improve dose conformality.

MRI-guided proton therapy
Because MRI has improved soft-tissue contrast, it can be used for continuous imaging and
is already in use in photon-based IGRT (section 1.2), it is also an appealing candidate for
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IGPT. For patient positioning and plan adaptation, MRI can provide imaging on which
anatomical changes can be detected for plan adaptation. This is an improvement not only
on the bony matching with planar x-ray imaging, but also on the low-contrast cbCT images.
High soft-tissue contrast also contributes to improved tissue classification which partly tackles
the aforementioned range uncertainties.
To be able to account for intra-fraction motion, imaging during fraction delivery is needed.
A workflow to implement this in clinical practice have been developed for the MR-linac
[76] and could be used as a basis for replanning in proton therapy (chapter 3). Although
MR-imaging is not a requisite for such a workflow, it could certainly improve the replanning
possibilities.
MRI-guided proton therapy has therefore become an active area of research in the past years.
The main focus is on the dosimetric feasibility of proton therapy inside a magnetic field. The
curvature of the protons in the MRI magnetic field (chapter 4) might influence the dose dis-
tributions and the plan has to take such effects into account. After the physical dosimetric
feasibility has been established, clinical planning studies should be performed to build a clin-
ical rationale. For those studies, commercial TPSs could be used, if those systems contain
a validated magnetic field implementation. Another aspect is of course the technical devel-
opment of an integrated MRI-guided proton system, which lies outside the scope of this
thesis.

Monte Carlo simulations
Some experimental setups have been recently built to study effects of clinical proton beams in
a magnetic field [44], including an experimental integrated MRI-proton system [45], these
systems are not suitable to perform comprehensive studies on the dosimetric feasibility of
MRI-guided proton therapy. For that purpose, simulations have to be used. Although ana-
lytical models for proton interactions exist [77], the use of Monte Carlo* (MC) simulations
have benefits with regard to achievable precision [78, 79]. It is also easy to implement a mag-
netic field in the simulations. Although analytical models do exist for the magnetic deflection
of the Bragg Peak itself [80], this does not include the magnetic field interaction with all sec-
ondary charged particles, such as electrons. In MC simulations these effects are included by
default. In MC simulations repeated (pseudo-)random samples of statistical distributions are
taken to determine the properties of a physical process. In this work, MC simulations are
used to quantify and qualify proton transport, namely the interactions of protons with ma-
terials and magnetic fields. By taking a large amount of samples, the statistical uncertainty
decreases and, based on the quality of the implemented models, will converge to the processes
*TheMonte Carlo method was developed in the 1940s by John von Neumann and Stanislaw Ulam and is named
after the famous casino in Monaco.
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in physical reality. Because a large amount of samples is needed for accurate predictions, MC
simulations are a time-intensive process. For practical purposes a trade-off has to be made
between the required statistical precision and the time in which the simulation is finished.
There are several software packages available to perform proton MC simulations. The TOol
for PArticle Simulations (TOPAS) [81] is a tool specially developed for simulations in pro-
ton therapy and is based on Geant4 [82–84]. Geant4 was developed in the 1990s at CERN
(Geneva, Switzerland) for the use in high energy physics [82] and has since then been ex-
tended with dedicated physics processes for medical physics [79, 85–92], is highly validated
[84, 93], is under active development and is hence considered to be one of the gold-standard
MC software packages.
Geant4, and thus TOPAS, deliver highly accurate physics simulations of proton transport,
including the handling of magnetic field interactions. The drawback is the relatively long
computation times needed to achieve acceptable statistics [78]. Therefore other MC software
packages have been developed that provide fast simulation times [94, 95]. Although the
physical processes are simplified in these packages, the precision appears to be high enough
for use in proton therapy simulations. Nevertheless, to assure a highly accurate description
of the proton transport and because of the ease of use, TOPAS has been selected for the
simulations in these exploratory studies.

1.5 Thesis outline
In this thesis, the dosimetric feasibility of MR-guided proton therapy is investigated. Several
topics are addressed, starting with the development of the beam model, the presentation of
an adaptive workflow, a study on the dosimetric feasibility of IMPT inside a magnetic field
and finally the validation of the magnetic field implementation of a clinical TPS.
In chapter 2, the development of a TOPAS MC beam model is described. This model is
based on the clinical synchrotron-based proton beam from the MD Anderson Cancer Cen-
ter, Houston, Texas, USA. The model is validated against measurement data and a possible
implementation in patient-based quality assurance is described. The model is the basis for all
the other work in this thesis.
Next, a workflow for adaptive IMPT is presented in chapter 3, which is derived from the
adaptive workflow of the MR-linac. A drifting anatomy to which a radiation dose is deliv-
ered is simulated and the effects on the dose distribution are quantified. An adaptive plan is
generated to compensate for these effects and the improvement in target coverage is demon-
strated. The presented workflow could already be implemented in current clinical practice by
using cbCT imaging.
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In chapter 4 the dosimetric feasibility of IMPT inside a magnetic field is shown. For three
artificial IMPT plans, the dose effects of a 1.5T magnetic field are studied. A method to
compensate for the proton curvature is developed and used in the optimization of the IMPT
plans. The dose distributions at 0T and 1.5T are compared, to quantify the effects on the
target coverage. It is concluded that the magnetic field does not hinder the employment of
IMPT inside such a magnetic field.
Finally, in chapter 5, the TOPAS MC beam model is implemented in an extended, non-
clinical version of the TPS RayStation R6. Based on this implementation, the magnetic field
transport of RayStation is validated. Several spot configurations are compared, with a field of
an optimized IMPT plan as the final validation step. Because of this validation, RayStation
can also be used to generate clinical IMPT plans inside a magnetic field, which paves the way
for future broad clinical treatment planning comparison studies that are needed for further
development of MRI-guided proton therapy.
Chapter 6 contains a summary of the work in this thesis, a general discussion and an outlook
on the future is included in chapter 7.
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Abstract
A Monte Carlo model of the MD Anderson Cancer Center clinical scanning proton beam
is created using the TOol for PArticle Simulations (TOPAS). This model is based on the
commissioning data of integrated depth dose curves (IDDs) and lateral profiles of single
proton spots. The mean range errors on the Bragg Peak (BP) for all energies are < 0.1%
of the range (µ = −0.01%, σ = 0.05%). As an example of a possible application of this
model, a quality assurance phantom measurement is simulated. The model can be used in
further simulation studies of quality assurance, intensity modulated proton therapy, or MRI-
guided proton therapy.
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2.1 Introduction
In proton therapy, plans are mostly created in treatment planning systems (TPS) that are
generally based on analytic beam models [96]. These beam models have several limitations,
for example: (1) the proton range is often based on water equivalent depths, (2) the position of
tissue and density inhomogeneities are neglected, and (3) beam model validation is primarily
based on simple geometries. Monte Carlo (MC) based treatment planning can overcome
most of these limitations and thus provide more accuracy [79]. Furthermore, the use of MC
allows for more versatile plan creation. Complex geometries can be simulated [97] and the
dose effects of different tissues, densities and tissue inhomogeneities can be more thoroughly
investigated, for instance for quality assurance (QA) purposes. These benefits have led to an
increase in the development of MC-based treatment planning solutions [98–101].
Before clinical conclusions can be drawn from MC simulations and analyses, a realistic MC
beam model (MCBM) based on a clinical proton beam has to be developed. Because com-
missioning data is usually readily available for proton therapy systems that are used in clincal
practice, this data can be the basis of such an MCBM.
We present a realistic and verified MCBM of the MD Anderson Center Proton Therapy
Center in Houston, Texas (PTCH) synchotron-based clinical scanning proton beam [59],
used for intensity modulated proton therapy (IMPT). This is a revised version of previous
work [97], based on updated MC code. The beam parameters and measured commissioning
data of the integrated dose depth profiles (IDD) and spot profiles in water are used for fine-
tuning and validation.
Earlier studies presented beammodels of the PTCH clinical scanning proton beam, but these
models had some limitations. The model of Titt et al [102] was based on MCNPX [103].
Although MCNPX is also well-tested Monte Carlo code, in TOPAS it is simple to include
complex geometries, it can directly import clinical DICOM data and can easily be extended
with native Geant4 code [81]. Yepes et al [95] used pre-calculated Geant4 beamlets in water
as input and used re-tracking for fast dose calculation, so this is in fact not a real Monte Carlo
algorithm. The MCBM presented in this study overcomes these limitations.
This MCBM could be used for patient specific QA [104–106], allows for the modeling
of aforementioned experimentally challenging configurations or can even be implemented
in commercial treatment planning systems so clinical plans can be generated based on the
MCBM. Also, it can be used to explore MRI-guided proton therapy by simulations with a
clinically realistic beam, a topic that lately gains increasing interest in the field [107–110].
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2.2 Material and Methods
TheTOol for PArticle Simulations (TOPAS) v3.1.p1 [81], based on Geant4 v10.03.p01[82–
84], was used for the MCBM implementation. The clinical beam parameters were used as
input for the MCBM, namely the beam energy Ep, the proton range R0 = d80, defined as
the 80% distal dose level of the Bragg Peak [77, 111]. For simplification, the beam spots
were assumed to be isotropic [112], so the spot sizes were set as equal (σx ≡ σy). This
was supported by the results of a 1% - 1mm gamma analysis on the measured x and y spot
profiles, which for all spots produced a pass rates of 100%. The proton source divergence was
set to 0mrad, similar to the TOPAS MC model of Lin et al [113], which resulted in good
agreement with the measured spot data. The mean excitation energy [49] was set to 75 eV
which is the ICRU 49 value [114]. Further MC parameters were left to the default TOPAS
values [115].
Based on the information provided by the Geant4 group [116] and the results of otherMonte
Carlo clinical proton beam models [117], the Geant4 reference list QGSP_BIC_HP_EMY was
selected as the physics model. This model contains (1) the Quark Gluon String model and
the Precompound model definition of the hadronic models for nucleons, including the model
for nuclear de-excitation (2) the Binary Ion Cascade for the inelastic models for ions that
improves the description of secondary particles of proton and neutron interactions with nuclei,
(3) the High Precision neutron package for the transport of neutrons with Ep < 20MeV
to thermal energies, and (4) the ElectroMagnetic Y electromagnetic models used by all the
particles, which sets the opt3 electromagnetic model and is considered to be one of the best
choice for medical applications [118].
TheMDACC synchrotron (ROBEATProton BeamTherapy System, Hitachi America, Ltd.,
Tarrytown, NY, USA) has 94 deliverable proton energies Ep in the range 72.5 to 221.8MeV
(4 to 30 cm range in water) [59]. The distance of the proton source, or the source to surface
distance (SSD), was set to 270 cm, which is the distance from the isocenter to the beam source
[119]. Modeling was accomplished by a fit for all 94 energies to both integral depth dose
(IDD) profiles, measured with Bragg Peak chamber (model 34070, PTW-Freiburg, Freiburg,
Germany), and the lateral spot profiles for the x-direction at 2 cm depth in a water phantom,
measured with a PinPoint chamber (model 31014, PTW-Freiburg, Freiburg, Germany). The
PinPoint chamber was aligned using lasers and the center position was afterwards adjusted
based on profile symmetry. The spatial resolution of the measured IDD profiles was 0.1mm
and for the lateral profiles varied from 0.5mm in the center region to 5mm at the low-dose
tails. The position uncertainty for the IDD measurements was assumed to be less than 1mm
and the relative standard error was in the order of 0.1% for the range measurements and under
0.5% for the lateral dose measurements [95]. A double Gaussian (DG) model was needed
for a good fit to the measurement data, with σx1,2

and weightsw1,2, wherew1 ≡ 1. This was
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in agreement with earlier analytical descriptions of the PTCH beam model [112, 120]. The
finished MCBM was implemented as a particle generator extension in TOPAS.
As an example of a possible application of theMCBM, a phantom dosemeasurement (PDM),
used in patient specific quality assurance, was simulated. This PDMwas performed in a water
phantom at a depth of 16.9 cm and measured with a MatriXX ionization array with a square
active area of 24×24 cm2 and consisting of an array of 32× 32 cylindrical detector chambers
of 4.5 (⊘)mm2 × 5 (h) mm (IBA Dosimetry, Schwarzenbruck, Germany). The simulated
PDM was for a Single Field Uniform Dose (SFUD) optimized prostate plan and consisting
of 3083 proton spots with an energy range from 144.0 to 195.6MeV. A 3% (global) - 3mm
analysis [121, 122] was performed, resulting in, for each point r⃗r, a gamma value

γ(r⃗r) = min{Γ(r⃗e, r⃗r)}∀{r⃗e}, (2.1)

with

Γ(r⃗e, r⃗r) =

√

|r⃗e − r⃗r|2
∆d2

+
(De(r⃗e)−Dr(r⃗r))2

∆D2
, (2.2)

where r⃗r and r⃗e are the reference (measurement) and evaluated (simulated) point, D̃e(r⃗e)

and Dr(r⃗r) the reference (measured) and evaluated (simulated) dose at respectively r⃗r and
r⃗e, ∆d = distance to agreement (DTA) = 3mm, and ∆D = dose difference (DD) = 3%.
The threshold level of the dose for the gamma analysis was set to 10% [123] to exclude the
low dose regions.
The gamma analysis was implemented in R version 3.3.3 [124], in which the analysis of all
data was done.

2.3 Results
To get the statistical uncertainty below 1% for modeling purposes, 5× 106 histories were run
for the IDD profiles and 25× 106 histories for the lateral spot profiles, for which this level
of statistical uncertainty was reached up to the 1× 10−2 dose level. Hence, no error bars are
shown in the following figures.
Figure 2.1 shows the range error ∆R0 = R0MC

− R0m
as a percentage of the proton range

R0m
, with R0MC

the MC range and R0m
the measured range. For all 94 energies |∆R0| <

0.1% (µ = −0.01%, σ = 0.05%). Figure 2.2 shows the MC and measurement data of ten
IDD profiles.
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Figure 2.1: Range errors of all 94 proton energies Ep as percentage of the proton range R0. |∆R0| < 0.1 %,
μ= -0.01 %, σ= 0.05%.

Figure 2.2: IDD profiles for ten energies: 72.5, 84.7, 98.0, 109.4, 119.9, 146.9, 163.9, 183.4, 198.3, and 221.8MeV.
Lines: simulated data, circles: measured commissioning data.

Figure 2.3 shows the lateral profiles in water at a depth of 2 cm for three energies (81.4, 100.9
and 219.3MeV) on a log

y
scale with good agreement up to a dose level of 10−4.
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Figure 2.3: Lateral profile in water at 2 cm depth for Ep = 81.4MeV (outer blue line), Ep = 100.9MeV (middle orange
line), and Ep = 100.9MeV (inner yellow line) on a logy scale. The associated measured commissioning data is shown
as circles.

As an example of applying the MCBM for QA, Figure 2.4 shows the results of a simulation
of a single PDM at a depth of 16.9 cm. The 3% (global) - 3mm gamma analysis on these
two planes, PDM and simulation, resulted in a pass rate of 100%.

Figure 2.4: Example of a possible application in quality assurance, namely a comparison of dose distributions in
patient-specific QA. Here, a planar dose measurement for a prostate plan at a depth of 16.9 cm (left pane) has
been compared to a simulation (middle pane). In a similar fashion, plans could be simulated for validation of the TPS
planned dose. The right pane shows the 3% (global) - 3mm gamma analysis result, with a pass rate (γ(r⃗r) ≤ 1) of
100%.

2.4 Discussion and conclusion
The TOPAS MCBM shows good agreement with the PTCH commissioning data, within
0.1% for the IDDs and 1% for the lateral spot profiles. These values are clinically acceptable
[125] and provide a first step towards clinical validation of this MCBM. This paves the way
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for further studies on challenging topics in proton therapy, such as the inclusion of true tis-
sue parameters in simulations instead of water-equivalent materials and magnetic field dose
effects.
We also showed that the MCBM could be incorporated in a (patient-specific) quality as-
surance workflow. Ideally, this would reduce the QA workload as measurements could be
replaced by simulations using the MCBM. However, before such a workflow could be intro-
duced, further validation would be necessary on a large set of phantom measurements, which
lies outside the scope of this study. Similar workflows have been described earlier for both
analytical and MCmodels and for both photon [126–128] and proton [104] therapy settings
and might reduce the possibility of measurement errors, such as setup errors and calibration
errors [105, 129]. Another study already showed a possible application of a previous version
of this MCBM, by simulating a range shifter and successfully compute correction factors for
improved accuracy of dose calculations [97].
The MCBM can also be used to study the effects of a magnetic field on the dose deposition.
In other studies, these effects have already been studied with simple proton beams [43]. By
using the MCBM this effects can be further validated for clinical settings, which is crucial
for the development of MRI-guided proton therapy. It also makes it possibile to do dose
comparison studies on clinical IMPT plans inside a magnetic field.
This study has some limitations. The assumption was made that x = y for the lateral spot
profile gaussians, which simplifies the construction of theMCBM, but might introduce errors
in the simulation of the spots. On the other hand, an earlier descriptions of the PTCH beam
has shown that the difference between x and y are so small that a single σ should suffice [120].
Also the example of a QA plan, which is strongly dependent on the 2D profile, shows a high
pass rate, which indicates that this assumption is acceptable.
Another limitation is that no additional clinical applications have been investigated. The goal
of this study was to develop an MCBM which can be employed in ongoing research, which
is now feasible because of this validation.
In conclusion, this study presents a validated clinical MCBM that can be used in wide range
of studies and contribute to the further development of proton therapy.
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Abstract
In radiotherapy, it is crucial to get optimal target coverage. Anatomical changes due to inter-
fraction and intra-fraction motion can lead to deterioration of this coverage. Adaptive plan-
ning is a way to not only account for inter-fraction motion, but also intra-fraction motion.
For photon-based radiotherapy adaptive planning is an active area of research. Yet in proton
therapy anatomical changes can introduce even more profound dose changes, because of the
steep dose gradient and the large influence of tissue inhomogeneities. Although robust plan-
ning is used to account for random and small systematic errors, it cannot compensate for large
changes. Therefore, another adaptive solution should be developed for proton therapy. For
the 1.5T MR-linac at the UMC Utrecht, a replanning approach has been developed, which
might also be suitable for improving proton beam therapy by accommodating for both inter-
and intra-fraction motion. Although this workflow is based onMR-imaging, cone-beam CT
could also provide the necessary imaging for replanning, so the workflow could be adjusted
for use in current proton therapy treatment. In thisMonte Carlo simulation study, we present
the feasibility of online and intra-fraction adaptive therapy for Intensity Modulated Proton
Therapy (IMPT) to mitigate both inter-fraction and intra-fraction motion. The effects of
the drift of an in silico tumor are quantified and compensated for in an adaptive plan, by per-
forming a single replanning between the delivery of the treatment fields of a two-field IMPT
plan. A comparison is made between the static case, the non-adaptive plan and the adaptive
plan. We show that for IMPT, the deterioration in target coverage is mostly restored with
the adaptive plan. The presented adaptive workflow could be integrated in current clinical
practice using already existing imaging solutions in proton therapy.
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3.1 Introduction
For optimal treatment in radiotherapy, it is crucial that the radiation dose completely covers
the target. In external beam radiotherapy (EBRT), changes in patient anatomy during treat-
ment, with regard to the pre-treatment imaging onwhich the treatment plan was based, might
lead to underdosage in the target and overdosage in the surrounding tissues and organs at risk
(OARs). These changes occur both between different fractions, namely the inter-fraction mo-
tion, which includes patient positioning errors and anatomical changes, and during delivery
of a dose fraction, called the intra-fraction motion, which includes bulk motion, rotations,
peristalsis, and (irregular) breathing motion.
Inter-fraction motion can be accounted for by daily adaptive planning before the delivery of
a new fraction, which at the same time allows for the adjustment of the dose plan for changes
in tumor volume [130, 131]. In photon therapy, a variety of solutions is being employed,
e.g. selecting a treatment plan from a library of plans [24], prostate plan adaptation based on
cone-beam CT (cbCT) or fiducial markers [34] and daily replanning based on CT-on-Rails
imaging [25]. Daily imaging from the treatment table, most often acquired by cbCT, but
recently also MRI, facilitates these developments.
Intra-fraction motion can by definition only be measured during the delivery of a dose frac-
tion. Without such measurements, this motion has to be included in the planning target
volume (PTV). The PTV includes geometrical uncertainties during delivery to ensure, with
a clinically acceptable probability, that an adequate dose will be delivered to the target [132].
The PTV either extends the clinical target volume (CTV) or, as one of the possible solutions
for breathing motion compensation, the internal target volume (ITV) [133].
However, it has been shown that intra-fraction bulk motion can lead to displacements of more
than 1 cm [134], which leads to larger PTV margins and higher toxicity. Studies have shown
that such motion can have a significant impact on the dose delivery in regular photon-based
therapy [135, 136].
Intra-fraction motion can also be accounted for by plan adaptation or even replanning dur-
ing dose delivery. To gather the necessary imaging for this, several advanced solutions for
real-time tracking have been developed, for example extracranial tracking of implanted seeds
[137] and linac systems with integrated MR imaging, such as the MR-linac [14, 15], and the
MRIdian [16]. These systems provide anatomical data during beam delivery, so by using this
real-time tracking it is possible to detect actual changes in target position and surrounding
structures and change the plan to adjust the dose delivery to these changes [138, 139].
Most research on adaptive radiotherapy is focussed on photon-based external beam radiother-
apy. Still, in proton therapy anatomical changes can introduce substantial dose changes, due
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to the dependence on the steep dose gradient of the Bragg Peak (BP). Due to the large influ-
ence of tissue inhomogeneities, the effects are even more profound [140, 141]. This leads to
the fact that the concept of a PTV is not well-suited for proton therapy treatments [64, 142].
While the increasing use of robust planning does increase dose conformality for random and
small systematic errors in proton therapy [68–70], it does not compensate for large changes.
Another technique that is currently in use to account for moving targets is retracking, but as
its main purpose is to compensate for random and periodic motion, in essence it results in
dose blurring [143–145].
The replanning approach from Kontaxis et al. [138] seems to be also suitable for improv-
ing proton beam therapy by accommodating for both inter- and intra-fraction motion. The
work of Kontaxis et al. was developed with on-line MR imaging as a pre-requisite, however,
also with cbCT acquired from the treatment table system this approach can improve dose
conformality in proton therapy.
This work presents the feasibility of online and intra-fraction adaptive therapy for Intensity
Modulated Proton Therapy (IMPT). This is done by online treatment planning on the on-
board cbCT as described earlier by [36–39] and repeating the planning on updated intra-
fraction imaging, i.e. a cbCT image that has been acquired halfway through fraction delivery
during the switch between treatment fields.
In this Monte Carlo (MC) simulation study, we demonstrate this approach by quantifying
and compensating for the effects of a tumor drift during dose delivery on the delivered dose
to the target. That such a drift can indeed be measured on cbCT imaging has been described
in previous studies [146, 147].
As a proof of concept, for a single patient an artificial volume has been delineated next to
the left kidney to mimic a tumor for which a two-field IMPT plan is generated online and
delivered to the drifting anatomy. To simulate the intra-fraction adaptive planning pipeline,
a new plan is made after the delivery of the first field and the final dose is compared to a
non-adaptive plan, where no additional adapted plan is generated and to a static case without
any movement. We will present the dose effects of this adaptive proton therapy planning.

3.2 Methods
For a single patient from [138], a two-field IMPT plan is simulated. The proton spots are
generated using the TOol for PArticle Simulations v 3.1.p3 (TOPAS, [81]), a proton MC
simulation toolkit based on Geant4 [82–84]. The beam model that is used is based on an
earlier developed clinical beam model [148]. The PTV has a volume of 3.95ml and the
center of gravity of the PTV is placed at isocenter. As this work just aims to demonstrate the
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ability to compensate for anatomical shifts, for simplification the body volume was set to a
density of 1 g cm−3.

3.2.1 Planning and delivery
The workflow for this simulation study is based on [138]. The specific tools are, where neces-
sary, adjusted to be able to process proton spot files. In this proof of concept study, the target
dose for the PTV is set to 24Gy and delivered in a single simulated fraction. All the dose
constraints for the planning are non-clinical and summarized in table 3.1.

Table 3.1: Planning constraints.
VOI Constraints
PTV Target dose = 24Gy

D99 ≥ 95% target dose = 22.8Gy
V107% = 25.7Gy < 1 %

Skin Dmax ≤ 24Gy
Other ALARA

A setup of two fields FA and FB is used. The spots in these fields are defined by the spot
parameters, namely the initial proton energy Ep and the scanning beam angles in beam’s eye
view θx and θy. The gantry angles at which these fields are delivered are manually chosen
in such a way that the for this study selected non-clinical OARs, i.c. around the spinal cord
and left kidney, are avoided. For each spot, a single file is generated in the simulation, which
contains the dose deposited in each voxel. All the voxels outside the body contour are not
stored in this spot file. These spot files are the input for the planning where weights will
be coupled to each spot. For the generation of all the plans the MRL Treatment Planning
system (MRLTP) [76, 138, 149] is utilized.

Movement
In this work a variation in mid-ventilation position is used as an example, just as in [138].
Since the tumor is located in the abdomen, this is translated to a drift of the tumor. This drift
is simulated by shifting the whole body in steps of 1mm over a range from 0 to 11mm in the
negative z-direction (towards caudal). In this simplification of the tumor drift, the body is
considered rigid, so the internal structure does not change. These movement steps result in
12 anatomiesA = ai with i ∈ [0, 11], to which the spots are delivered and in which the dose
is accumulated. In the TOPAS simulations, this shift is achieved by moving the complete
CT DICOM data set in steps of 1mm. No spots are delivered during the actual movement
step, meaning that during the delivery of a single spot the anatomy is always static. Because
the DICOMdata is placed inside a larger world volume relative to which the shift takes place,
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all the dose is scored in the same grid, while the DICOM data is shifted relative to the world
volume. The final dose is a simple sum of the dose delivered by all the single spots.

Beamlet generation
Three dose distributions are calculated, namely 1) a static plan in which the tumor does not
move, 2) a non-adaptive plan in which the tumor does move, but the plan is not adjusted,
and 3) an adaptive plan in which an adjustment to the plan is made to (partly) compensate for
tumor motion. The necessary proton spots are generated in a two-step approach (Hartman et
al, 2015). The first step consists of a simulation with low statistics of a wide range of spots that
uniformly cover an extended volume around the target. From these spots, the ones with their
BP inside the target are selected. For this selection a 2mm extension to the PTV is added,
to assure the inclusion of the all the necessary spots, and a P95 cut-off of the maximum spot
dose is used to determine whether the BP is inside this extended PTV. In the second step,
only these selected spots are simulated again with higher statistics, which results in a single
dose file per spot. The specific details for each plan are described below, an overview is shown
in fig. 3.1.

Figure 3.1: Planning and dose delivery for all three plans. 1) static plan, without movement, 2) non-adaptive plan
with all spots delivered without replanning, and 3) adaptive plan where a replan is made at a drift of 6mm. For 2 and
3 the dose delivery relative to the drift of the tumor is shown.

For the (non-)adaptive plan, this workflow is based on the simplification that each spot has
the identical delivery time, because the relation between the specific spot weights and spot
delivery time is ignored. Also no optimization on spot delivery order is performed in order to
mitigate possible interplay effect [150, 151]. The simulations are run on a high-performance
cloud computing platform to keep simulation times acceptable. The hardware consists of 32
Intel Xeon Skylake vCPUs, running at 2.0GHz, provided by the Google Cloud Platform
and located in Eemshaven, The Netherlands. The simulation time of single spot is less than a
second for low resolution and 9 seconds for high resolution. In total 96 vCPUs are available,
allowing for three simulations to be run concurrently or to split and distribute the workflow.



Ch
ap
te
r3

3.2 Methods 25

Static plan
In the case of the static plan, all spots of both fields FA and FB , containing NA = 364 and
NB = 242 spots respectively, are delivered to the single, static anatomy A0. The necessary
spots for this plan are only the spots that have their BP inside the PTV of A0, so these spots
are selected and used as input for the optimizer. This is the ideal situation, where neither the
tumor location nor the patient anatomy changes, and the dose distribution of this plan is used
as a reference for the (non-)adaptive plan.

Non-adaptive plan
The non-adaptive plan is a simulation of current practice, where no re-optimization is per-
formed while the tumor might have moved and the anatomy changed during delivery of the
plan. As in this situation, the static plan is delivered on a moving anatomy, the same set of
spots is used in this simulation as in the static plan. The difference is that the body is shifted,
or, that the anatomy changes from A0 to A11. To accomplish this, the spots are equally di-
vided for delivery to each anatomy Ai, so 51 spots for {A0, . . . , A10} and 45 spots for A11.
After the delivery of a subset of spots, the body is shifted 1mm and the next subset is delivered,
up until the last subset for A11.

Adaptive plan
In the adaptive plan, the plan is re-optimized between the delivery of field FA and field FB .
As stated before, in this workflow it is assumed that no additional imaging is taken during
the delivery itself.
To begin with, the same plan as for the static and non-adaptive case is used. For the delivery
of the first field, a division of the spots of FA is made for delivery to the first six anatomies,
similar to the procedure described for the non-adaptive plan above. For a total number of spots
NA for FA this gives 61 spots for the first five anatomies and 49 spots for the last anatomy
A5. Again, between the delivery of each subset of spots, the body is shifted 1mm.
After the delivery of all the spots of FA, the accumulated dose is stored. A newMRLTP plan
is then generated for anatomy A6, one millimeter beyond the last delivered spots to take into
account continuing drift during imaging, replanning and the gantry operation for the switch
to field FB . For this replanning the accumulated dose is taken into account and the input for
the optimizer consists only of the spots that have been selected for FB at anatomy A6. For
the current data set the replanning is finished in the order of seconds. Finally, this updated
field F ′

B with N ′

B = 238 spots is divided in the same way over the remaining anatomies
{A6, . . . , A11} and the subsets of spots are delivered to the respective anatomies.
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3.2.2 Analysis
For comparison of the adaptive to the non-adaptive and static plans, all delivered dose is
summed and store in a single dose grid. The dose difference is calculated by simple subtrac-
tion. The dose volume histogram (DVH) for the target, the body and the left kidney are
calculated. To quantify the coverage of the dose distributions and compare the different plan-
ning strategies, several dose parameters can be used. In this analysis the DVH parameters
D99 and V107% are used.

3.3 Results
The beam angles that are selected are 45° and 335°. Figure 3.2 shows the dose distribution
of the static plan, that is as if it has been delivered in the static case, in both the transversal
and the coronal plane. For this reference dose distribution, the DVH parameters are D99 =
23.5Gy, V107%=0.4%, Dmax = 26.0Gy, with a target dose of 24Gy.

Figure 3.2: Static plan, transversal (left) and coronal (right) view. Volumes of interest: target (green) and left kidney
(orange). Target dose is 24Gy, D99 = 23.5Gy, V107% =0.4%, Dmax = 26.0Gy.

Figure 3.3 shows the dose distribution of the non-adaptive plan, together with the dose dif-
ference with the static plan Ddiff = Dstatic −Dnon−adaptive in the coronal plane, the plane that
contains the direction of movement. The dose differences are clearly visible (right pane) and
are > 8Gy.
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Figure 3.3: Non-adaptive plan (left) and dose difference with static plan (right), calculated by Ddiff = Dstatic -
Dnon-adaptive. D99 = 21.8Gy, V107% =33.4%, Dmax = 27.6Gy. The absolute maximum dose difference is 9.6Gy.

Finally, the dose distribution of the adaptive plan is shown in fig. 3.4, together with the dose
difference with the static plan Ddiff = Dstatic − Dadaptive. Note the reduced dose differences
compared to the non-adaptive plan.

Figure 3.4: Adaptive plan (left) and dose difference with static plan (right), calculated by Ddiff = Dstatic - Dadaptive.
D99 = 22.7Gy, V107% =0%, Dmax = 25.7Gy. The absolute maximum dose difference is 6Gy.

TheDVHs for all the three cases, static, non-adaptive and adaptive are shown in fig. 3.5. The
distortion in the DVH of the target due to the movement is clearly visible in the non-adaptive
case, both as a distinct underdosage (D99 = 21.8Gy) and an increase in the maximum dose
Dmax = 27.6Gy and overdosage V107% = 33.4%. By adaptive planning, the overdosage is
completely canceled (V107% = 0%) and the target coverage is increased to (D99 = 22.7Gy).
For the dose to the left kidney, there is only a slight increase in the case of the non-adaptive
plan, with an increase of the Dmax from 24.9Gy to 27.1Gy. The replanned dose, which is the
dose as it was planned to be delivered after delivery of the first beam and prior to the delivery
of the second beam, has a DVH almost identical to the static case. The deterioration of the
adaptive dose compared to this optimal replanned dose is due to the fact that the second beam
is again delivered on a moving anatomy and that only a single replanning was performed.
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Figure 3.5: Dose Volume Histogram for the PTV (solid lines) and left kidney (dashed lines). The deterioration of
the dose coverage for the PTV is clearly visible, just as the improvement due to the adaptive planning strategy. The
replanned dose, the planned dose generated by the replanning prior to the delivery of the second beam, is shown as
the dotted red line and is very similar to the static case. For the dose to the left kidney, only small dose difference
are visible between the three plans.

3.4 Discussion
We showed the benefits of online planning in IMPT. By performing imaging right before
dose delivery, the plan can be optimized to the current patient anatomy, taking into account
any inter-fraction motion, changes in air or fluid pockets, or target deformations with regard
to the pre-treatment imaging that is used in present clinical practice and omitting much of
the need for robust planning. Even more improvement can be reached by implementation
of intra-fraction planning. We showed the restoration of target coverage by using an intra-
fraction adaptive replanning workflow in the case of a moving anatomy during dose delivery
in IMPT. For example the D99 and V107 dose parameters respectively increase and decrease
in the adaptive plan relative to the static dose distribution, where in the non-adaptive plan
they deteriorate. Previous studies did show the deteriorating effect of the drift of a tumor
on the coverage of the target [135] and the possible improvement with adaptive planning
techniques. This study shows that this is also feasible in IMPT using replanning.
Computationally this setupmight not be feasible usingTOPAS, evenwhen a high-performance
computing solution is available. For example, the calculation of all the spots for the adaptive
plan (n = 602) will take approximately 90 minutes, or 45 minutes for a single field at the
moment of replanning. Such a delay cannot be introduced in a clinical workflow. MC plan
generation in optimized, commercially available treatment planning systems can generate a
treatment plan in the order of minutes on regular hardware, which is acceptable timing for
online planning. Also, CPU-basedMC software, such as TOPAS, is often slower than GPU-
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basedMC.GPU-basedMC is already in use for photon-based treatment planning [152, 153]
and has led to increasing research for its use in proton therapy planning [94, 154, 155]. Simu-
lation times in the order of seconds can be achieved with∼ 1% relative statistical uncertainty
[94]. The emergence of these software tools and the progress in computational capabilities of
hardware would make additional intra-fraction adaptive planning even more feasible.
One of the main advantages of this method, is that in the order of seconds the replanning
is performed with the patient on the treatment table and in treatment position . In other
methods, such as retracking, the motion compensation is based on pre-treatment imaging,
so unexpected motion, either in direction or magnitude, is not contained. Another benefit
of this approach is that it is also suitable to accommodate for non-rigid deformations, as a
replanning can account for any 3D deformation if the appropriate imaging is available.
There are several other systems available or in development that can deliver the necessary
imaging for one or more replannings during treatment, of which the use of cbCT has already
been mentioned. The implantation of a Calypso seed is already a current practice [156] and
its tracking can be translated to tumor movement and be used as input for a replanning. A
limitation of this strategy is that it is only possible to correct for rigid motion that is observed
by movement of the seed, similar to the simulation in this study. Ideally online imaging of
the full anatomy is available to quantify both rigid and non-rigid transformations, for which
volumetric imaging is needed. The availability of in-room CT or MRI systems can provide
such necessary imaging for replanning, for example during gantry movement, especially if the
imaging can be performed on the treatment table without the need for patient repositioning
or table motion. If the imaging for replanning should be acquired on a regular imaging device,
the patient has to be placed on a different table and hence in a different position. This is not
a realistic approach for replanning during treatment and also cancels the benefit of accurate
imaging for replanning. If an in-roomCT orMR scanner is available for which the treatment
table can be used (e.g. a CT-on-rails, [73]), there is still a high possibility of positioning errors
and risk of patient movement during transfer. By using cbCT, the patient can remain on the
treatment table, minimizing the possibility of discrepancies between imaging and the anatomy
on which the dose is delivered. Because of the increasing availability of cbCT on proton
treatment systems, the presented workflow for adaptive planning is something to consider
for current clinical IMPT treatment practice. On the longer term, integrated MR-proton
systems, similar to the MR-linac, can be developed. This will provide optimal and frequent
intra-fraction imaging of the anatomy with acquisition times less than a second [157].
The results could be improved in several ways. For example, this result is based on a single
replanning workflow, which is merely an example of a replanning strategy. If this workflow is
based on cbCT imaging, a natural moment for additional imaging is between the delivery of
the two fields, as this allows for the acquisition of up-to-date imaging. Also, at the moment
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a single replanning instead of multiple ones is clearly easier to implement. Nevertheless, by
increasing the number of times a replanning is made, the dose parameters might improve even
more, converging towards the ideal, static case. The number of replannings that is necessary in
the end, is for example determined by the specific clinical need and expected tumormovement.
The fact that, for simplification, the body volume has been set to the density of water does not
change the message of this study. The fact that tissue homogeneities exist and due to intra-
fraction motion a tissue with a highly different stopping power could move into the path of
the proton beam only underscores the need for adaptive planning. Especially the presence
of air pockets or bone in the vicinity of the target, both of which considerably influence the
proton range, justifies the need for adaptive planning. A tumor drift as simulated in this study
is just one of the possible scenarios of a changing anatomy during treatment. For example,
in the treatment of head and neck tumors there can be considerable changes in the anatomy
during treatment that could be addressed by online adaptive planning [158, 159].
An issue that has not been addressed, is the quality assurance (QA) of this workflow. One
of the possible options for QA in online and intra-fraction adaptive planning, is the use of
an independent dose calculation engine, as is done in the MR-linac clinical workflow [42].
Also in proton therapy, the use of MC-based patient specific QA is under research [104–106].
With the increasing computational capabilities for adaptive planning strategies, new solutions
for QA have to be developed as well. Such developments might be boosted by the fast MC
solutions that are coming available, as mentioned above.
Also, this study is based on the assumption of rigid motion. If non-rigid deformations oc-
cur, the dose accumulation for the replanning gets more complicated. Tools are available for
deformable registration [160] and the use of this technique in adaptive radiotherapy is un-
der research [161]. Finally, the intra-fraction motion will be patient specific and might be
significantly smaller than the 11mm in this study, which might also lead to a better result
without adaptive planning than in the presented case. On the other hand, the drifts might
also be larger or incorporate deformations. The decision whether a new, adaptive plan should
be made can be made on a per-patient basis robustness analysis, based on imaging before and
during treatment.
This study showed the possible benefits that can be achieved by online and intra-fraction
planning and the concept of implementing this using currently available technology.

3.5 Conclusion
We showed for IMPT the improvement in target coverage that can be achieved by online and
intra-fraction adaptive planning. The presented workflow, with a single replanning between
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the delivery of fields, could be integrated with already existing imaging solutions in proton
therapy.
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Abstract
Proton therapy promises higher dose conformality in comparison with regular radiotherapy
techniques. Also, image guidance has an increasing role in radiotherapy and MRI is a prime
candidate for this imaging. Therefore, in this paper the dosimetric feasibility of Intensity
Modulated Proton Therapy (IMPT) in a magnetic field of 1.5 T and the effect on the gener-
ated dose distributions compared to those at 0 T is evaluated, using theMonte Carlo software
TOol for PArticle Simulation (TOPAS). For three different anatomic sites IMPT plans are
generated. It is shown that the generation of an IMPT plan in a magnetic field is feasible,
the impact of the magnetic field is small, and the resulting dose distributions are equivalent
for 0T and 1.5T. Also, the framework of Monte Carlo simulation combined with an inverse
optimization method can be used to generate IMPT plans. These plans can be used in future
dosimetric comparisons with e.g. IMRT and conventional IMPT. Finally, this study shows
that IMPT in a 1.5T magnetic field is dosimetrically feasible.
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4.1 Introduction
Proton therapy is a form of radiotherapy which uses protons, instead of photons or electrons,
as in regular radiotherapy. The main difference with photon based radiotherapy, is that a
beam of protons stops at a certain depth inside the body. Where the proton beam stops, it
will deliver most of its energy, a point known as the Bragg Peak (BP) [53]. Because of this
property, proton therapy treatment promises to deliver a conformal dose to the target, while at
the same time decreasing the dose to the organs at risk (OARs) compared with photon-based
treatments [54–57]. To accomplish this benefit, it is crucial to know the exact position of the
target. Because of the sharp dose fall-off at the BP, a misalignment of a few mm’s could lead
to a decrease of the dose in the target of > 80% and an increase of this amount of dose in
the surrounding tissue. Also, because of range uncertainty on the proton beam, a margin on
the location of the Bragg Peak has to be taken into account [79]. This is both due to errors in
modeling, uncertainty in physics and errors because of CT resolution or conversion to tissue
parameters. Therefore, additional margins are introduced leading to larger treatment volumes.
Up-to-date imaging of the target andOARs, before and during radiation delivery, is therefore
important for the delivery of the optimal plan. Several solutions to provide such image data
can be considered, one of which is image-guided radiotherapy (IGRT) [162]. Current clinical
proton therapy systems are recently integrated with cone beam CT, such as the systems from
IBA, Belgium and Hitachi, Japan.
Currently, robust optimization might be used as a method to manage the uncertainty with
regard to the dose delivery in proton therapy [68–70], as conventional plans with a geometry-
based PTV are sensitive to range uncertainties [163]. In the robust approach, range and
position uncertainties are incorporated in the optimization process, so they are taken into
account when calculating the weights of the proton beams [69, 70]. Compared to a conven-
tional approach with a geometrically expanded PTV, this creates more robust plans [68, 164],
but with wider margins.
Magnetic Resonance Imaging (MRI) has several advantages when compared with other imag-
ing modalities. It has a superior soft tissue contrast compared with CT, while it does not use
ionizing radiation for image formation. The latter allows continuous imaging and also makes
it a preferable imaging technique in pediatrics [165, 166]. The superior soft tissue contrast,
combined with the possibility of functional imaging, can lead to better tissue characteriza-
tion [40] which can potentially be used to more accurately determine stopping powers [167],
improve the delineation of the target [41] and thus improve the conformality of the dose de-
livered to the tumor. The combination of improved determination of stopping powers and
the better knowledge of the tumor position, can also lead to the use of smaller margins.
In the case of IGRT, it is favorable to be able to combine the imaging system with the treat-
ment system. Using such a hybrid system, it is possible to (1) perform online imaging to
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evaluate the position and shape of the clinical target volume, (2) take into consideration the
setup errors while the patient is in treatment position on the couch and (3) work towards real-
time imaging of the tumor and adapt the beam during treatment. The first two points could
adjust the delivered plan for inter-fraction differences, while the third addresses intra-fraction
motion, such as breathing, which in the case of proton therapy might have considerable im-
pact on the dose distribution of the target [63, 168]. To make use of these advantages, an
MRI integrated with a linear accelerator (MR Linac) has been described and developed [15].
It is currently being installed at the UMC Utrecht, The Netherlands. The MD Anderson
Cancer Center will be the second institute in the world, and the first in the United States, at
which the MR Linac will be installed. Similar systems are developed by groups in Australia
[169] and Canada [170].
These concepts have led to the consideration of a possible hybrid MRI proton therapy system.
However, such a system poses major dosimetric and technical challenges. Protons are charged
particles, so they are subject to the Lorentz force when passing through a magnetic field. This
will lead to a curved path of the protons, which has already been described analytically [80].
The effect of such a magnetic field on the delivered dose has been simulated for a magnetic
field of 0.5T andwas shown to have a little impact [171]. Also the effect of returning electrons
(ERE), which is a factor of importance in theMR-Linac [172], is not of importance, because
of their low energy [171]. However, in the case of a larger magnetic field the dose distribution
might change, due to the increasing deflection [80]. Also, this is energy dependent and when
using Intensity Modulated ProtonTherapy (IMPT) plans, a range of proton energies have to
be used. This gives rise to the question if a clinically-used magnetic field of 1.5T will effect
the possibility of IMPT planning. If dosimetric feasibility is demonstrated, further research
on the technical challenges of a hybrid MRI-proton system might be justified.

4.2 Methods
4.2.1 Overview
The generation of IMPT plans in a 1.5T magnetic field was achieved with a home-made,
dedicated software infrastructure. The simulations are based on IMPT scanning beam proton
therapy. To generate beamlets, the TOol for PArticle Simulation (TOPAS) [81] was used.
This software tool for Monte Carlo simulations is based on Geant4 version 9.6.p02 [82, 83].
TOPAS beta version 12 was used for all simulations and the TOPAS default physics list was
used.
For the creation of IMPT plans, in-house developedMR-Linac Treatment Planning System
(MRLTP) [149] was used. This system uses an inverse optimization algorithm to generate
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IMPT plans [173].

4.2.2 Setup
Using TOPAS, the patient DICOM data was read and the Houndsfield units were converted
to a density of 1 g cm−3 (water) inside and 1.21× 10−3 g cm−3 (air) outside the patient, based
on values from the Geant4Material Database. These data were placed inside a box containing
a homogeneous magnetic field. The strength of this field was either 0T (no magnetic field)
or 1.5T. The direction of the field is in the positive z-direction.
The proton beamlets were placed in the transverse plane at a specified gantry angle. To simu-
late the effect of proton beam scanning, a range of beamlet angles are simulated from a single
gantry angle. For the generation of a complete set of beamlets, the z-direction was traversed
to cover the full range of the target. The origin of the protons was placed at 35 cm of the
center of the data, which is equal to the MRI bore radius of the MR-linac. Because the angle
between the magnetic field lines and the proton beamlet direction was 90°, the proton deflec-
tion due to the Lorentz force F = v × B, with FL the Lorentz force, v the velocity vector
and B the magnetic field, is maximal. An overview of the setup is shown in fig. 4.1.
The dose distribution was scored in a TOPAS scorer with equal dimensions and number of
voxels as the DICOM data.

4.2.3 Angle and energy
Gantry angles
For each plan three different gantry angles were chosen. This selection was made intuitively,
based on the location of the target and the OARs. As shown in fig. 4.1, a range of proton
beamlets over an angle αp were generated. The step size in this range is determined by cov-
erage of the target by the most distal Bragg Peaks. A too large angle step size could lead to
insufficient coverage and sub-optimal IMPT plans, while a too small angle step size would
lead to too many beamlets being included in the inverse optimization, leading to a decrease
of efficiency. The coverage of the distal side of the target, depends itself on the resolution of
the image data (∆x,∆y) and the distance of the gantry r, so the angle αp can be calculated
using

tanαp =
min(∆x,∆y)

r
, (4.1)

with min(∆x,∆y) the smallest resolution in either the x or y direction.
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Figure 4.1:Overview of setup. The dicom data is in the centre, the gantry is placed at a distance r. The gantry angle
αG depends on the location of the target and OARs. For each gantry angle, a range of proton beamlets over the
angle αp are generated, so that the target is completely covered. The magnetic field is in the z-direction.

Beamlet energy
An optimal energy step size will give a Bragg Peak in every voxel in the target, so it is directly
dependent on the image resolution. The range of a beamlet can be approximated by [77]

R0 ≈ 2.43× 10−3 E1.75
0

g cm−2. (4.2)

The range difference per MeV is larger for higher energies, so to determine the energy step
size, the highest energy necessary was used. This step size Estep was chosen in such a way
that

REmax

0
−R

Emax−Estep

0 = min(∆x,∆y). (4.3)

4.2.4 Proton deflection
The radius of the proton follows from the Lorentz force law and is given by
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rp =

√

2Emp

qpB
, (4.4)

with E the proton energy, mp the proton mass, qp the proton charge and B the magnetic
field. Converting the SI units, this can be approximated as

rp ≈ 14.4

√
E

B
, (4.5)

with the energy in MeV, the magnetic field strength in T and the radius in cm. Figure 4.2
shows this radius for energies from 3 to 300MeV.
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Figure 4.2: The proton curvature radius as a function of the energy at a magnetic field strength of 1.5 T.

Because of this curvature, the protons will have deflected from the initial direction when they
reach the target. If the distance of the gantry to the body is large and the proton energy is low,
the curvature of the protons might even be too large to reach the body. In the former case, the
initial direction or angle has to be adjusted so that the Bragg Peak is at the expected location.
In the latter case such a correction is no longer possible, but clinically such a situation might
not be relevant, because protons with low energies (< 70MeV) are not often used.
To calculate the angle adjustment, it was assumed that the energy loss in air is negligible. Also,
the curvature of the beamlet was not taken into consideration in the calculation of the range
and thus eq. (4.2) can be used.
The deflection dp, measured perpendicular to the initial proton direction, can be expressed
as*
*With thanks to dr. A.L. Hoffmann, Helmholtz-Zentrum, Dresden, Germany
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dp ≈ rp

(

1− cos
[

sin−1

(

d+R0

rp

)])

(4.6)

= rp −
√

r2p − (d+R0)2, (4.7)

with d the distance from the gantry to the body and R0 the proton range inside the body.
From this, the angle correction γ can be calculated

γ = tan−1

(

dp

d+R0

)

= tan−1





rp −
√

r2p − (d+R0)2

d+R0



 . (4.8)

The deflection for three different distances to body entry and the angle correction are shown
in fig. 4.3. The gantry angle correction can be applied to either the proton angles or the
gantry angles. In both cases, the protons will enter the body at a different point and will cross
different tissue.
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Figure 4.3: The proton deflection (left) at the location of the Bragg Peak and the angle correction (right) for three
different gantry to body distances. For the lowest energies, the protons will not reach the body due to a small
curvature radius (asymptotic behavior) that cannot be corrected. B = 1.5 T.
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4.2.5 Data
Beamlet properties
Because of the Lorentz force, the proton beamlets will follow a curved path inside the mag-
netic field. The Lorentz force law states that the amount of deflection depends on the initial
proton energy, the magnetic field strength and the angle between the magnetic field lines
and the beam path (cross product). This force might lead to beam widening, because of
a dispersion of the proton energies and therefore different curvatures along the beam path.
To quantify this, a simulation was done in TOPAS. The setup used is a water phantom of
10 cm× 10 cm× 50 cm placed inside a magnetic field, which does not extent outside the
phantom. Perpendicular to this magnetic field, protons with energies of 50MeV, 100MeV,
150MeV were generated, to cover a broad range of clinical applicable proton energies. The
deposited dose was scored in a grid with a voxel size of 1mm× 1mm× 10mm.

Image data

Generate beamlets
(Low statistics)

  0T and 1.5T

Select beamlets inside target

Regenerate beamlets
(High statistics)

Inverse optimization

Figure 4.4:Workflow for the creation of IMPT plans.

To optimize calculation time of the inverse optimization, a multi-step approach for the beam-
let simulation was used. This workflow is schematically shown in fig. 4.4. First, a wide range
of beamlets was simulated covering the target. For this simulation run low statistics were used,
in total 500 events per beamlet. For the generated beamlets, the location of the Bragg Peak
was determined and the beamlets with its Bragg Peak inside the target were identified. For
these identified beamlets, a second simulation run was done, using high statistics of 10 000
events per beamlet. From this second set of beamlets, the IMPT plans were generated, using
the MRLTP. The result is an optimized set of weights for all proton beamlets, from which
the dose distribution could be constructed.
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DICOM data
Three clinical sites were selected. This selection was based on the depths of their associated
targets and their different sizes. The targets were:

1. A shallow head-neck tumor. The depth of the center of the tumor is ∼ 2 cm. The
head-neck region is a challenging site because of the many OARs. The target has a
volume of 2.2 cm3, with a target dose of 25Gy.

2. A deep head-neck tumor at a depth of ∼ 5 cm. The target has a volume of 11.0 cm3,
with a target dose of 25Gy.

3. An artificial, stationary tumor in the liver at a depth of∼ 9 cm. The target has a volume
of 3.3 cm3, with a target dose of 25Gy.

All characteristics of the targets are given in table 4.1.

Table 4.1: Overview of target characteristics and used IMPT parameters. The resolution is of the image data, the
depth is of the approximate center of the target.

Depth Volume Resolution Energies Gantry angles Δαp
Target (cm) (cc) (mm) Δ(MeV) (deg) deg
HN Shallow 2 2.2 1.17× 1.17× 2.0 15 - 71, 1 -25, 0, 25 1
HN Deep 5 11.0 0.98× 0.98× 2.0 95 - 110, 1 -35, 0 30 0.15
Liver 9 3.3 1.0× 1.0× 1.0 101 - 134, 0.5 190, 235, 275 0.2

4.2.6 Analysis
The beamlet profiles of the water phantom data were analyzed using R version 2.15.1 [124].
For the IMPT plans dose parameters were generated using theMRLTP.The dose parameters
were analyzed using the aforementioned version of R.

4.3 Results
4.3.1 Beamlet generation
Figure 4.5 shows the profiles of the Bragg peaks perpendicular to the beam line, both without
and with a magnetic field of 1.5T. The shift of the Bragg Peak inside the magnetic field is
clearly visible. Based on a Gaussian fit to the data, this shift is 1.14 cm for 150MeV. Ana-
lytically, the maximum deflection is approximately 1.21 cm [80], which makes the simulated
value consistent with the analytic approximation. The width of the Bragg Peaks is determined
by using the same Gaussian fit and is found to be σ = 0.36 for both Bragg Peaks.
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Figure 4.5: Lateral profiles at z = 152mm of a proton beam with Ep = 150MeV (R0 = 156.2mm), both without and
with a 1.5 T magnetic field present. The shift due to the magnetic field is clearly visible and is 11.4mm. The width of
the Gaussian fitted to the Bragg Peaks is σ= 3.6mm for both profiles.

4.3.2 IMPT plans
Head-Neck shallow
The target was a shallow larynx tumor. Section 4.3.2 show the dose distribution for the 0T
and the 1.5T IMPT plans. Inside the GTV, the mean dose was 25.3Gy, with σ= 0.7Gy for
the 0T plan and 25.3Gy, σ= 0.7Gy for the 1.5T plan and thus identical to the 0T plan. The
D95 in the GTV was 24.89Gy and the dose in all OARs, except the body, was negligible.
Section 4.3.2 shows the difference plot of section 4.3.2. The absolute difference inside the
target is shown in the histogram of section 4.3.2. The mean of the difference was 0.018Gy,
with a standard deviation of σ = 0.65Gy. While outside of the target a clear difference is
visible, it is minor inside the target. The former can be attributed to the fact that the optimizer
selects different beamlets in the case with a magnetic field, because of the curvature.
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(a) 0T (a) 1.5 T

(a) Absolute dose difference in transversal plane, which is
the difference between section 4.3.2 and section 4.3.2.

(d) Histogram of the dose difference inside the GTV.
Mean value is 0.018Gy (σ= 0.65Gy), shown by the
dashed line. The bin size is 0.2Gy.

Figure 4.6: Head-Neck shallow plan. Dose distribution in transversal plane for 0 T and 1.5 T IMPT plan Shown
contours: GTV (black), left carotid artery (red), right carotid artery (blue).

Head-Neck Deep
The target is a deep larynx tumor. Section 4.3.2 show the dose distribution for the 0T and
the 1.5T plans. Inside the CTV, the mean dose is µ = 26.21Gy, with σ = 1.51Gy for the
0T plan and µ = 26.37Gy, σ = 1.52Gy for the 1.5T plan. To quantify the difference in
dose distribution, the dose difference plot is shown is section 4.3.2. The absolute difference
inside the target is shown in the histogram of section 4.3.2. The mean of the difference was
−0.17Gy, with σ = 1.11Gy.



Ch
ap
te
r4

4.3 Results 45

(a) 0T (b) 1.5 T

(c Absolute dose difference in transversal plane, which is
the difference between section 4.3.2 and section 4.3.2.

(d) Histogram of the dose difference inside the GTV.
Mean value is -0.17Gy (σ= 1.11 Gy), shown by the dashed
line. The bin size is 0.2Gy.

Figure 4.7: Head-Neck deep plan. Dose distribution in transversal plane for 0 T and 1.5 T IMPT plan and the dose
difference between the two plans.. Shown contours: target (black), left submandibular gland (green), right sub-
mandibular gland (yellow), left parotid gland (red), right parotid gland (blue).

Liver
In this plan, the target was an artificial target deep in the liver. The constraints on the OARs
are taken from Chang et al. [174], based on their treatment of patients with unresectable
adenocarcinoma. Section 4.3.2 shows the dose distribution for the 0T and the 1.5T plans.
Inside the GTV, the mean dose was 25.5Gy (σ = 1.25Gy) for the 0T plan and 25.9Gy
(σ = 1.21Gy) for the 1.5T plan. The dose difference plot is shown in section 4.3.2. The
absolute difference inside the target is shown in the histogram of section 4.3.2. The mean of
the difference was −0.34Gy, with a standard deviation of σ = 0.62Gy.
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(a) 0T (b) 1.5 T

(c) Absolute dose difference in transversal plane, which is
the difference between section 4.3.2 and section 4.3.2.

(d) Histogram of the dose difference inside the GTV.
Mean value is -0.34Gy (σ= 0.62Gy), shown by the
dashed line. The bin size is 0.2Gy.

Figure 4.8: Liver plan. Dose difference between 0 T and 1.5 T IMPT plan. Shown contours: GTV (black), liver (red),
right adrenal (green).

4.3.3 Summary
Based on the results in the previous sections, it is possible to generate IMPT plans using the
described framework, with and without a magnetic field. The only impact of the magnetic
field on the IMPT plans is the selection of a different set of beamlets, because of the proton
curvature. All sets of selected beamlets have their BPs inside the target and can be used to
calculate a combination of weights which will deliver the desired dose inside the target, while
meeting the dose constraints of the OARs.
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For the shallow target, the difference in beamlet selection was small. For deeper targets, it
was clear that the proton curvature plays a larger role. If there are OARs close to the proton
beamlet path, the set of beamlets inside a magnetic field might pass through such an OAR,
while the set without a magnetic field did not. This is something which should be taken into
consideration in the case of deeper tumors and it might be necessary to incorporate this when
optimizing the gantry angles.

4.4 Discussion
In this study, several assumptions and simplifications weremade. The number of gantry angles
and thus the number of fields for each IMPT plan was chosen to be three. There was a
trade-off between delivering a homogeneous dose distribution and limiting the number of
fields to spare organs at risk. Selecting three fields seems to be an advantageous choice [62],
nevertheless there might be a rationale for a different number of fields. Because there was no
major impact of the magnetic field on any IMPT plan, it is assumed that an increase in the
number of fields will not affect the results as presented here.
The same argument can be made for the selection of the gantry angles. The angles were
selected in such a way to spare OARs as much as possible, which was determined by visual
analysis of the image data. The angles could probably be optimized, but it is assumed that
this will not affect the results in a negative way.
The material inside the body was set to a density of 1 g cm−3. Although this value is close to
the densities of both muscle and adipose tissue, the effects of for example bone and air cavities
are not taken into account. Such effects might influence the energy loss of the proton beamlets
and thus the dose distribution inside the body, but the ERE will still be of no influence. Since
only the beamlets with a simulated Bragg Peak inside the target are selected, this simplification
should not influence the optimization. Setting the densities to the physical densities will
produce a different set of beamlets for the optimization, but should give a plan with a similar
dose distribution in the target.
Another factor in the simulation of beamlets, are the stopping powers of materials. By using a
single density, this problem was mostly avoided. Still, in clinical practice the stopping powers
play an important role. Because MRI can provide better tissue characterization compared
with other image modalities, especially for soft tissue, it could be argued that the stopping
power determination will benefit from the use of this imaging modality. Nevertheless, the
conversion of MR data to correct stopping powers is not trivial [167, 175], and might make
an increase of the margin around the target necessary.
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The correction of the proton deflection was an approximation, which seems appropriate for
the used resolution and energies. For low energies, the correction angle can be quite large or
there might even be no correction possible. Another solution for lower energies, is to place
tissue-equivalent material on the patient to absorb the excess of energy. In such a setup the
deflection between the gantry angle and the body could be reduced.
Because of the bore radius of 35 cm of the MR-linac, this gantry distance was also selected
for the simulations in this study. Nevertheless, this is a somewhat arbitrary choice. The
deflection at the target is dependent on this distance, however, if a correction is applied, the
gantry distance should not influence the presented results.
Three sites were selected for this study. This selection was based on (1) the complexity of the
site, with for example many OARs in the Head-Neck sites (2) different location of the sites,
and (3) the different size of the targets. The optimization method that is used, produces the
plans based on provided constraints. Therefore, it can be expected that this method will work
for any site, as long as a correct set of proton beamlets can be provided as input.
In the generation of the beamlets inside a magnetic field, the initial angle of the beamlets was
adjusted based on a calculated angle correction. In this calculation, it was assumed that the
body consists of homogeneous material, in the case of these simulations water. When the
true stopping powers of the body material are taken into account, this angle correction has to
be adjusted to incorporate the difference in energy loss, range and curvature.
The framework for simulations enables comparisons for different treatment modalities and
planning systems.

4.5 Conclusion
This study shows that the generation of an IMPT plan in a magnetic field is feasible. The
presented framework based on the Monte Carlo simulation of proton beamlets, combined
with the use of an inverse optimization method, can be used to produce IMPT scanning
beam plans. It also has shown the dosimetric feasibility of IMPT in a transverse magnetic
field of 1.5T. Using the simulated proton beamlets, it has been possible to create IMPT
scanning beam plans for several sites. All these plans met the clinical constraints for the dose
to the target and the OARs. The impact of the magnetic field was only the curvature of the
beamlets, which means that in certain cases an OAR might get a different dose due to this
curvature. This issue was mainly observed in deeper targets and should in such situations be
taken into consideration. The chosen setup of a 1.5T magnetic field perpendicular to the
proton path gave the largest curvature of protons and can therefore be considered the worst
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case scenario. It can therefore be concluded that there are no dosimetric obstacles for such a
system, when an MRI with this field strength (or lower) is used.
This study has been based on simulations and not on any hardware implementation, due to
the fact that at the moment there is no hybrid MRI-proton therapy system available. The
conclusion on the technical specifications is that the magnetic field does not hamper the
employment of IMPT.
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Abstract
Image guidance in proton therapy (PT) is an active area of research. One of the imaging
modalities that is under research for integration in PT systems is Magnetic Resonance Imag-
ing (MRI). Because theMRImagnetic field has a direct effect on the trajectory of the protons
and thus the location of the dose deposition. In an extended, non-clinical version of RaySta-
tion R6 (RS) it is possible to generate clinical treatment plans using a Monte Carlo-based
dose algorithm with the option to turn on a magnetic field. Because it has an optimized MC
engine, it can calculate a clinical treatment plan in the order of minutes. Therefore, it is an
ideal candidate for treatment planning studies on MRI-guided PT, but first the implemen-
tation of the particle transport inside this magnetic field has to be validated. In this study,
the RS particle transport inside a magnetic field was compared and validated against the MC
code TOPAS, based on Geant4. A previously validated clinical TOPAS beam model was
implemented in RS. This implementation was validated by comparing simulated IDDs and
lateral profiles in a water phantom, both at 0T and 1.5T. Next, a rectangular field was sim-
ulated and compared using a gamma analysis. Finally, a clinical IMPT beam was simulated
and compared. We showed good agreement between TOPAS and RS for all the simulation
inside a magnetic field, with 3% - 3mm gamma pass rates > 99% and 2% - 2mm > 96%.
Because of the optimized dose engine and high-speed MC simulations of RS, it is now pos-
sible to generate a large amount of such plans for broad clinical treatment planning studies,
which can reveal any possible issues with treatment planning inside a magnetic field. This can
aid the further development of MRI-guided proton therapy.
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5.1 Introduction
As proton therapy (PT) treatment is gaining popularity [176, 177], image guidance in PT is
an active area of research [178–180]. Historically, planar X-ray imaging has been the standard
modality used in PT for patient positioning. Recently, integrated cone-beam CT imaging
has become available in PT systems [181]. Unfortunately cone-beam CT-based imaging
has lower soft-tissue contrast and higher noise than regular CT [32], is not calibrated in a
suitable way like a diagnostic CT, and uses ionizing radiation. As the demands on imaging
are increasing, such as real-time imaging during treatment, other imaging modalities might
be more suitable.
One of the imaging modalities that is under research for integration in PT systems is Mag-
netic Resonance Imaging (MRI). MRI has the benefit of superior imaging properties com-
pared with radiation-based imaging [40, 41, 167], lacks the negative drawback of ionizing
radiation [165, 166], and has already been successfully integrated with a linac by several in-
stitutes [14, 16, 42]. One of the key properties of MRI is the fact that a magnetic field is
used to generate images. This has a direct effect on the trajectory of the positively-charged
protons that are used for the PT treatment and thus the location of the dose deposition. Sev-
eral studies have been published in the past years on MRI-guided proton therapy, including
the dosimetric proof that inside such a magnetic field Intensity Modulated Proton Therapy
(IMPT) is feasible [108, 182]. Recently also an experimental integration of an open MRI
with a static beam line has been developed [45]. Nevertheless, these studies were mainly fo-
cused on the physics of delivering PT inside a magnetic field and not on the comparison of
clinical plans. For further studies on the clinical implications of e.g. MRI-guided PT, a study
on the possibility to generate clinically grade plans inside a magnetic field seems necessary.
The use of a commercial clinical TPS would be preferable, as this will open up the possibil-
ity of performing clinical treatment planning studies. The validation of the magnetic field
implementation in this clinical TPS is therefore necessary.
One of the candidate clinical treatment planning systems for such studies is RayStation (RS).
In an extended, non-clinical version of Raystation R6 (RaySearch, Sweden) it is possible to
create treatment plans with either an analytical pencil beam algorithm or a proprietary MC-
based dose algorithm (RS-MC).TheRS-MC also has the possibility of turning on amagnetic
field to the treatment planning. The RS-MC has already been validated to the MC software
package GATE [183, 184], but not with a magnetic field present. GATE is based on Geant4
[82–84], with thoroughly validated physics models [84, 93], is used for a wide range of proton
and other medical physics applications [79, 86, 88, 89, 91, 92] and is thus considered a gold
standard MC package.
At the UMC Utrecht a PT planning workflow has been developed [108] based on the TOol
for PArticle Simulations (TOPAS) [81], a proton Monte Carlo simulation toolkit also based
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on Geant4. A beam model has been implemented and validated for clinical use [148] and
it is therefore possible to create clinical-grade PT simulations. Although TOPAS delivers
high precision simulations, the main drawback is the calculation time needed to perform this
simulations when low statistical uncertainty is necessary [78]. RS has an optimized MC en-
gine and can calculate a clinical treatment plan in the order of a minute with statistical errors
< 1% [184]. A clinical TPS such as RS also contains sophisticated planning options, visual-
ization, dose evaluation tools among other clinical relevant capabilities. After the validation
of the RS-MCmagnetic field transport, RS could be used for the aforementioned clinical PT
studies inside a magnetic field.
The goal of this study was to compare and validate the MC transport of charged particles in
a magnetic field of RS to the TOPAS implementation. For this purpose an existing TOPAS
beam model was implemented in RS. First, this implementation was validated. Second, the
dose distributions inside a magnetic field was compared. As a final validation step, a clinical
IMPT beam inside a magnetic field was simulated and compared.

5.2 Methods
The validation of the RS-MC consists of several steps. First, single proton spot beams of
various energies were simulated in a water phantom at B = 0T, to assure correct implemen-
tation of the beammodel. Then, the magnetic deflection of the single spots in a homogeneous
field with B = By = 1.5T, perpendicular to the proton beam direction z, were validated.
Next, the spot positioning was validated by simulating four spots at different positions at
By = 0T. After this validation step a rectangular field consisting of multiple spots was sim-
ulated at By = 0T and 1.5T. Finally, a beam of an optimized IMPT plan was simulated at
By = 0T, 1.5T and 5T.
The same incident beam phase space had to be used in both RS and TOPAS. The TOPAS
beammodel is representing a clinical synchrotron-based scanning proton beam [148] and was
implemented in RS using the auto-modeling feature. The necessary input data, consisting of
integrated depth-dose distributions (IDD) and spot profiles in air and in water, were gener-
ated in TOPAS and imported into RS.The resulting beammodel contains 94 discrete energies
ranging from 72.5MeV to 221.8MeV and was based on the g4h-phy_QGSP_BIC_HP and
g4em-standard_opt3 Geant4 physics lists in TOPAS.
A water volume of pure water, with 11.2 mass percentage hydrogen and 88.8 mass percentage
oxygen, a density of 1.0 g cm−3 and a mean excitation energy of 75 eV [114] was used for dose
scoring, which is identical to the definition of water in RS. The volume had a dimension of
15×15×34 cm3 with a resolution and scoring grid of 1mm3 cubic voxels (Figure 5.1) aligned
with the outer planes of the phantom. The proton beam entered the phantom parallel to the
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long axis of the phantom. The phantom was large enough to support the scoring of Bragg
Peak doses up to∼ 240MeV incident energy, taking into account the magnetic deflection.

water

Bprotons

10 cm

18
 c

m

Figure 5.1: Phantom used in the simulations consisting of homogeneous water. The magnetic field direction is per-
pendicular to the direction of the protons.

The location of the Bragg Peak, the lateral dose distribution, and the deflection of the beam
were calculated and compared. The lateral dose distribution was compared at the phantom
entrance (z = 0mm), to assure the right beam profile before propagation through the phantom.
A second lateral profile was compared close to the Bragg Peak.
The dose distributions were compared using a 2% (global) - 2mm gamma analysis [121, 122],
implemented in Python 3.6 (Python Software Foundation, https://www.python.org/).
After this validation, a clinical IMPT beam was calculated in RS and simulated in TOPAS
using the same magnetic field strengths. The IMPT plan was based on a patient HN-HMR-
040 from public access The Cancer Imaging Archive [185–187] and consisted of a Head CT
scan. The resolution of the CTDICOMdata was 1×1×2mm3. For simplification all voxels
in the body volume were set to pure water, as defined above. A spherical target volume was
created in RS and a plan consisting of three beams was generated and optimized for uniform
dose coverage of the target at By = 5T to enhance the proton curvature. The same spots
were then delivered at By = 0T and 1.5T. Hence, for this simulation three analyses were
performed, one for each field strength. The spot positions and weights were imported into
TOPAS and 500 000 incident protons were simulated to reach a relative statistical uncertainty
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of< 1%. The resulting dose distributions were compared with a 3% (global) - 3mm gamma
analysis.
A relative dose comparison was made by normalizing all dose distributions its P95 value, to
exclude outliers in the dose normalization. Hence all dose was reported in arbitrary units
(a.u.). For all simulations, the plan wass exported from RS as a DICOM plan file and the
spot and weights are converted to a TOPAS parameter file. The DICOM handling and data
analysis was done in the aforementioned version of Python.

5.3 Results
5.3.1 Beam model
The implementation of the TOPAS beammodel in RS was first validated by simulating single
proton spots at By = 0T for three energies, 72.5, 119.9, and 221.8MeV, see Figure 5.2a.
The range of the spots agreed to within 1mm and the 2% (global) - 2mm gamma pass rate
> 99% for all three energies. Figure 5.2b shows the lateral beam profiles at phantom entrance
(z = 0mm). The shape of the profiles matched and the 2% (global) - 2mm gamma pass rate
was 100% for all three energies.

(a) IDD profiles, with increasing energy from left
to right: 72.5, 119.9, and 221.8MeV.

(b) Lateral profiles (z = 0mm). The central profile is of the
highest energy.

Figure 5.2: Integrated depth dose (IDD) and lateral spot (z = 0mm) profiles for three single energy spots at 0 T.
Proton energies: 72.5, 119.9, and 221.8MeV.

For the same three energies at By = 1.5T, the IDDs are shown in Figure 5.3a. For
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221.8MeV, the reduction in range was 3mm. Again, the range of the spots agreed to within
1mm, while the 2% (global) - 2mm gamma pass rate > 98% for all three energies. For
221MeV, the spot dose profile and the 2% - 2mm analysis result are shown in Figure 5.3b
and c, the magnetic deflection is clearly visible. The gamma pass rate was 99.8%, (72.5MeV:
99.6%, 119.9MeV: 100%).

(a) IDD profiles, with increasing energy from left
to right: 72.5, 119.9, and 221.8MeV.

(b) Spot dose profile of
221.8MeV.

(c) 2% (global) - 2mm
gamma, pass rate 99.8%.

Figure 5.3: For By = 1.5 T the (a) IDDs for three single energy spots, (b) the 221.8MeV spot dose profile (c) the 2%
(global) - 2mm gamma analysis result, pass rate 99.8%.

5.3.2 Spot positioning
For validation of spot positioning, four spots were simulated at (x, y) positions (0, 0), (−35, 0),
(0,−35), and (10, 35)mm, as shown in Figure 5.4 for 119.9MeV at z = 0mm and with
By = 0T. A profile was created of the integrated dose for the two horizontal spots (top
right, dotted area) and the three vertical spots (bottom left, dashed area). For both profiles
the RS data matched the TOPAS data and the 2% (global) - 2mm gamma analysis had a
pass rate of 100%.
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Figure 5.4: Four spots of 119.9MeV proton beams at beam entrance. The top-left plot shows the combined nor-
malized dose. The profiles (top-right and bottom-left plot) show the dose integrated over the area depicted by
respectively the dotted and dashed box, so top-right for the two spots along the x-axis and bottom-left for the three
spots along the y-axis. The 2% - 2mm gamma analysis result is shown in the bottom-right plot, pass rate = 100%.

5.3.3 Rectangular field
Figure 5.5 shows the dose at phantom entrance (z = 0mm) for RS (left) and TOPAS (right)
at By = 1.5T . Profiles in both the x and y direction are shown in Figure 5.6, both for
z = 0mm and z = 175mm, which is in the center of the high dose region. The field was
delivered off-center in the x-plane to accommodate for the deflection, as is visible in (a). At
z = 175mm, the field had clearly deflected.
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(a) RS (b) z = 175mm

Figure 5.5:Normalized dose distribution of the rectangular field at 1.5 T at entrance of the phantom for (a) RS and
(b) TOPAS.

(a) z = 0mm (b) z = 175mm

Figure 5.6:Dose profiles in xy-plane at (a) phantom entrance and at (b) z = 175mm for a magnetic field of 1.5 T.

Figure 5.7a shows the dose profile along the beam direction at By = 1.5T. In this image
the dose is integrated in the x and y direction and the high dose plateau of the field is clearly
visible. The right pane shows the 2% - 2mm gamma values of the dose profiles, giving a pass
rate of 100%. The 2% - 2mm gamma values are shown for two xy-planes in fig. 5.8, again
at z = 0mm and z = 175mm. The gamma pass rate was 96.6% for the former and 99.6% for
the latter.
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(a) IDD profile along the beam direction. (b) 2% - 2mm gamma values.

Figure 5.7: The (a) IDD profile of field along beam direction at 1.5 T, i.e. the integrated dose in bothx and y direction
and (b) the 2% - 2mm gamma values, pass rate = 100%.

(a) z = 0mm (pass rate = 96.6%) (a) z = 175mm (pass rate = 99.6%)

Figure 5.8: The 2% - 2mm analysis results for the field at 1.5 T. Left at phantom entrance (z = 0mm) with a pass
rate of 96.6%, right at z = 175mm with a pass rate of 99.6%.

5.3.4 Clinical beam
A slice of the dose weighted clinical IMPT beam is shown in fig. 5.9 for RS (a) and TOPAS
(b) at By = 1.5T. The 3% - 3mm gamma results, with a pass rate of 99.4%, are shown in
(c) and the 2% - 2mm, with a pass rate of 95.9%, in (d). The highest gamma values appear
at the end of the range, while the values were low in the deflected beam path.
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(a) RS (b) TOPAS

(c) 3% - 3mm gamma (pass rate 99.6%) (d) 2% - 2mm gamma (pass rate 96.4%)

Figure 5.9:Dose distribution of the field at 1.5 T at entrance of the phantom for (a) RS and (b) TOPAS. The direction
of the proton beam is indicated by the white arrow. The gamma analysis results are have a pass rate of (c) 99.6% for
3% - 3mm and (d) 96.4% for 2% - 2mm.

For By = 5T, a dose distribution is shown in in fig. 5.10, again for RS (a) and TOPAS (b).
The 3% - 3mm gamma analysis (c) had a pass rate of 99.9% and the 2% - 2mm gamma
analysis (d) had a pass rate of 96.9%. Just as at 1.5T, the high gamma values were located at
the end of the range.
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(a) RS (b) TOPAS

(c) 3% - 3mm gamma (pass rate 99.9%) (d) 2% - 2mm gamma (pass rate 96.9%)

Figure 5.10:Dose distribution of the field at 5 T at entrance of the phantom for (a) RS and (b) TOPAS. The gamma
analysis results are have a pass rate of (c) 99.9% for 3% - 3mm and (d) 96.9% for 2% - 2mm.

5.4 Discussion
In this study we validated the RS-MC magnetic field implementation against TOPAS. All
simulations inside a magnetic field showed good agreement, with 3% - 3mm gamma pass
rates> 99% and 2% - 2mm gamma pass rates> 95%. The time needed for this simulations
in RS was only a fraction of the time needed in TOPAS, around a minute in RS vs several
hours in TOPAS. Although TOPAS is versatile, easy to extent and allows for the relatively
easy inclusion of complex simulation setups, e.g. parallel world scoring [81], the long time it
takes to perform simulations up to acceptable statistical uncertainty is the main disadvantage
of a general purposeMC code [78]. This is due to the detailed simulation of physics processes,
especially the nuclear interactions [94, 188]. However, previous studies have shown that for
medical applications, this amount of detail is not always necessary [189]. Another major
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benefit of using RS is the ease-of-use in planning and plan analysis, as this is all integrated in
the TPS.
Several studies have described the magnetic field effects and dosimetric feasibility of proton
therapy inside a magnetic field [44, 108, 109, 171, 182, 190, 191]. The next step would be
broad clinical treatment planning comparison studies of IMPT inside a magnetic field. Now
the RS magnetic field has been validated, it can be used for such more in-depth treatment
planning studies that are needed for the development of future real-timeMRI-guided proton
therapy [180].
The beam of the IMPT plan has also been validated at a magnetic field strength of 5T.This is
not expected to be the initial magnetic field strength to be used inMRI-guided proton therapy,
as the current photon-based systems operate at 1.5T [14] or lower [16]. Nevertheless, the
high gamma pass rates of this simulation do support the conclusion that the RS magnetic
field is validated, as the magnetic field effects on the protons are more enhanced at this high
field strength.
Some simplifications were made in the simulations. The voxels in the body were all set to pure
water, to avoid CT calibration errors that could have led to differences in stopping powers
between RS and TOPAS. Also, a perfect homogeneous magnetic field was used in the simula-
tions, without any fringe fields present. This was the most consistent implementation for the
validation. Although more complex magnetic field configurations should pose no problem,
this could be investigated in future studies.
There are still some differences between the dose distributions, for which there are several
possible reasons. First, an existing TOPAS beam model was implemented and used in RS
and there were some minor deviations between this implementation and the original model.
In the simulations of several hundred spots, such deviations are magnified and could result
in the observed differences. Second, two materials are included in the simulations, namely
water and air. Although the composition of both materials are defined in an identical way in
both RS and TOPAS, differences might arise due to discrepancies in the handling of material
interactions. However, the differences are mainly visible at the end of the range. The goal of
this study was to compare and validate the transport inside a magnetic field and a same level
of accuracy was reached as in the general validation of the RS MC implementation, which
was done in a previous study by Saini et al. [184].
As the beam curvature of RS is consistent with TOPAS in all simulated cases, this validation
appears to be successful.
With a validated, high-speed commercial MC-based TPS, future work could be focused on
the simulation and evaluation of clinical treatment plans. It allows for the generation of a
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large amount of such plans, which can reveal any possible issues with treatment planning
inside a magnetic field and aid in the further development of MRI-guided proton therapy.

5.5 Conclusion
We showed good agreement between TOPAS and RS in the simulation of proton beams
inside a magnetic field. The simulated cases all give clinical acceptable gamma pass rates. For
future simulation studies on proton therapy inside a magnetic field, RS can be used for the
generation of dose distributions. Because of the optimized dose engine and high-speed MC
simulations of RS, this paves the way for more detailed simulation studies, including studies
on the feasibility of MRI-guided proton therapy.
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Chapter 6

Summary

The goal of radiotherapy is to deliver a high conformal radiation dose to a target, while spar-
ing healthy surrounding tissue. Proton therapy, where protons are used to deliver the dose,
promises higher dose conformality in comparison with photon-based radiotherapy. This is
due to the existence of the Bragg Peak, a point where a large amount of the dose is delivered
and after which the protons stop in the body. This leads to a sharp dose fall-off, potentially
sparing tissue beyond the target.
Because of these properties, up-to-date knowledge of the location of the target and the sur-
rounding anatomy is crucial. Similar to the development in photon therapy, image-guided
radiotherapy (IGRT) is emerging as well in proton therapy and in the recent years, an in-
creasing number of studies have been performed on the development of image-guided proton
therapy (IGPT). Various imaging modalities are available to deliver the necessary imaging in
IGPT. One of those modalities isMagnetic Resonance Imaging (MRI).MRI has several ben-
efits, such as the fact that no ionizing radiation is used and the superior soft-tissue contrast,
which can lead to better tissue classification. Therefore an ideal solution for IGPT would
be a hybrid MRI-proton therapy system, similar to the already existing MR-linac in photon
therapy. As a step towards the development of such a system, the dosimetric feasibility of
proton therapy inside the strong magnetic fields of an MRI is addressed in this thesis.
To assess the dosimetric feasibility, Monte Carlo (MC) simulations are used. In chapter 2,
an MCmodel of the MD Anderson Cancer Center ProtonTherapy Center clinical scanning
proton beam is created using the TOol for PArticle Simulations (TOPAS), an MC toolkit
based on Geant4 and specifically tailored for medical particle simulations. Themodel is based
on the commissioning data of integrated depth dose curves (IDDs) and lateral profiles of
single proton spots and has mean range errors of < 0.1% of the range. This beam model is
then used for the simulation of a quality assurance phantom measurement, a possible future
application, and is the basis for the further simulation studies in this thesis.
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In chapter 3, an adaptive planning workflow is presented, to account for inter-fraction and
intra-fraction motion during treatment. As in proton therapy anatomical changes can intro-
duce profound dose changes, because of the steep dose gradient and the large influence of
tissue inhomogeneities, adaptive planning could significantly improve proton dose delivery.
The presented adaptive workflow is based on a similar workflow that had already been de-
veloped for the 1.5T MR-linac at the UMC Utrecht. Although the MR-linac workflow is
based on MR-imaging, cone-beam CT could also provide the necessary imaging for replan-
ning. This means that the adaptive workflow could be adjusted for use in current proton ther-
apy treatment. It is shown that it is feasible to mitigate both inter-fraction and intra-fraction
motion by online intra-fraction adaptive planning for an in silico tumor. In this simulation
study, a single replanning is performed between the delivery of the treatment fields of a two-
field IMPT plan. A comparison is made between the static case, the non-adaptive plan and
the adaptive plan. It is shown that for IMPT, the deterioration in target coverage is mostly
restored with the adaptive plan.
A study on the dosimetric feasibility of Intensity Modulated Proton Therapy (IMPT) in a
transverse magnetic field of 1.5T is presented in chapter 4. For three different anatomic sites
IMPT plans are generated at 0T and 1.5T, which are compared to evaluate the effect of the
magnetic field dose distributions. It can be concluded that the impact of the magnetic field
is small and, when taken into account into the planning, the resulting dose distributions are
equivalent for 0T and 1.5T. In conclusion, this study shows that IMPT in a 1.5T transverse
magnetic field is dosimetrically feasible.
In chapter 5, the implementation of proton transport inside a magnetic field in the commer-
cial treatment planning systemRayStation is validated. In amulti-step approach, the TOPAS
MC beam model is implemented in RayStation, spot profiles are compared and a homoge-
neous field is simulated at 0T. Next, a single beam of an optimized IMPT plan is simulated,
at 0T, 1.5T and 5T. A gamma analysis is performed between the TOPAS and RayStation
fields, which shows good agreement. The validation of the RayStation magnetic field imple-
mentation paves the way for broad clinical planning studies, which is necessary to build the
clinical rationale for the development of MRI-guided proton therapy.
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Chapter 7

General discussion

For the development of MRI-guided proton therapy (MRIgPT), it is important to have a
profound knowledge of the influence of the magnetic field on the proton trajectory and deliv-
ered dose. This thesis addresses the dosimetric feasibility of proton therapy inside a magnetic
field and delivers a validation of a commercial treatment planning system that can be used for
broader clinical treatment planning studies.
In section 7.1, the dosimetric feasibility of MRIgPT and some future challenges for its final
establishment will be discussed. Next, adaptive planning in proton therapy as a possible ap-
plication of MRIgPT is addressed in section 7.2. This includes the role of currently available
and future imaging modalities. The focus of section 7.3 is the possible position of MRIgPT
in current clinical practice, with regard to other developments in image-guided radiotherapy.
Finally, future perspectives are discussed in section 7.4.

7.1 Dosimetric feasibility
In this thesis, all the magnetic field simulations have been performed with a transverse mag-
netic field relative to the beam direction. There are two main reasons for this choice. First
of all, this setup has the same beam and magnetic field direction as in the MR-linac, which
was the initial basis for this research. Second, the magnetic field effects on the proton beam,
i.e. the proton curvature, are maximal with a transverse field, as can readily be seen from the
definition of the Lorentz force FL = v× B, with FL the Lorentz force, v the velocity vector
and B the magnetic field. Nevertheless, in an experimental setup or even a prototype of a
hybrid MRI-proton system, another angle between the beam and (main) magnetic field com-
ponent might be chosen. A perfect homogeneous magnetic field was used in all simulations,
something that can only be approximated in a true experimental setup as real (MRI) magnets
always introduce fringe fields. Some work on these more complex magnetic fields and the
interactions on clinical proton beams has already been performed by Oborn, Dowdell, et al.
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[43], taking into account magnetic fringe fields and showing that it has a significant impact
on the beam transport. Nonetheless, because these complex field effects can also be accounted
for, they do not have an impact on the dosimetric feasibility of proton therapy inside these
magnetic fields.
On the other hand, magnetic fields are already extensively used in proton therapy. The beam
transport from the proton source towards the gantry is managed by numerous magnets, both
for beam steering (dipoles) and focussing (quadrupoles), and finally in the scanning of the
beam in treatment delivery [53]. This shows that even in the presence of magnetic fields, a
clinical proton beam can be delivered. However, when integrating the proton system with
an MRI scanner in a hybrid MRI-proton therapy system the scanning magnets might be
placed close to the MRI magnetic field. These magnets generate rapid switching dipole fields
to deliver a high proton scanning speed [59], which could be complicated to simulate and
should be studied in more detail. These fields could be taken into account in simulations and
it can be assumed this will not change the conclusion on dosimetric feasibility.
No true tissue densities were used in the simulations and all bodymaterial was set to true water,
as this led to simpler simulations and does not influence the dosimetric feasibility. In the
validation of the RayStation magnetic field, this choice was also made to avoid discrepancies
in the handling of the tissue properties between TOPAS and RayStation, which could have
influenced the results. If a realistic and thus heterogeneous anatomy is simulated, this will
result in a different set of spots to be included in the plan, because of range shifts due to air
pockets or bone in the treatment field. In future clinical simulation studies, such additional
tissue parameters can and should be taken into account to quantify influences of high or
low density structures. The algorithm for beam angle corrections inside a magnetic field,
presented in section 4.2.3, should also be adjusted in the case of a heterogeneous anatomy,
as in the derivation of eq. (4.6) it is assumed that the proton will traverse a homogeneous
material. Other strategies to calculate the deflection in heterogeneous materials have already
been developed [109]. Also the gantry angle could be optimized, to minimize heterogeneity
along the beam path, something that is not implemented in most TPSs [192].
Finally, the dose of secondary particles produced during treatment [193, 194] is not specifi-
cally taken into account in the evaluation of the dose distributions, although no such effect
was observed. This means that possible higher skin dose due to the effect of the magnetic
field, as is seen in the MR-linac [172], is not quantified. These possible dose effects should
be investigated in future dosimetry studies.
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7.2 Online adaptive planning
To achieve complete target coverage while limiting the treatment margins, robust planning
is gaining popularity [68, 70, 168]. It cannot account for large drifts or anatomical changes
(chapter 3), so online adaptive planning is currently an active area of research [67, 195, 196].
The results of the presented adaptive workflow in chapter 3 show the improvements in dose
coverage by implementing a single replanning for an in silico target. This approach could
already be implemented in a clinical workflow. Nevertheless there are some difficulties to
be taken care of and some possible improvements. The workflow depends on lengthy MC
calculations that can take hours to complete [78]. In a clinical setting, this is not acceptable,
so other strategies have to be developed. The use of fast, optimized MC simulations are
a possible solution, particularly in combination with the increasing availability of computing
power that reduces computation time. But also the acceptance of higher statistical uncertainty
in the replanning can aid in tackling this problem. Quality assurance can be a problem in
online adaptive planning, as the initial approved treatment plan is changed. In the MR-linac
workflow, an independent dose calculation engine is used for this purpose [42] and in proton
therapy a similar MC-based approach could be implemented [104–106, 197]
There are various methods to limit the lengthy calculation time of regular MC simulations.
The use of simplified physics models [95, 198, 199] is a possible solution. Another method is
adjustment of code to run it on Graphical Processing Units (GPU) instead of regular CPUs
[94, 154, 188, 198, 200], or code optimizing for specific high-performance CPUs [189].
Although the use of simplified MC simulations might be sufficient for clinical applications,
it does introduce discrepancies with the gold standard MC software, mainly due to errors in
the model of nuclear interactions [94, 188, 189] or by neglecting electron interactions [94].
As already mentioned, the increasing availability of computing power will also lead to a de-
crease in computation time. Local high-performance computing grids can be used to speed up
calculations, but also the availability of easy-to-use and affordable cloud computing solutions,
which are suitable for clinical work due to extensive certification, open up the possibilities for
large-scale and faster MC calculations.
If the time needed to perform a MC-based replanning are reduced to clinically acceptable
levels, more replannings could be generated during treatment and limiting toxicity even more.
Of course, this would require the availability of additional imaging as well. Although cone-
beam CT (cbCT) is a currently available imaging solution that can be used for online adap-
tive planning, the question is whether it is possible to achieve a multiple replanning workflow
based on just cbCT imaging. Image acquisition with cbCT would probably only be possible
when the proton beam is off, so interruption of the treatment would be necessary. A future
hybrid MRI-proton system could allow for fast and continuous image acquisition. Other
imaging modalities that can be used for in vivo range verification are under development
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[201]. These modalities could complement regular anatomical imaging to limit range errors.
For example, in proton radiography or CT [202–204], high-energy protons are used to cre-
ate an image of the anatomy. A major benefit is that the energy loss of these protons can
directly be translated to the those used for treatment, so range uncertainties could be mini-
mized [203]. Unfortunately the spatial resolution is yet insufficient for clinical use [205]. In
prompt-gamma imaging gamma rays produced by the protons during treatment are detected
to determine in vivo the location of the beam and the Bragg Peak [206–208], but this method
is not mature. Although both of these techniques are still in an experimental phase, they could
play a role in future image-guided proton therapy systems. Still, for online adaptive planning,
(continuous) imaging of the complete anatomy is needed, a need that could be satisfied by
integrated MRI imaging.

7.3 Clinical rationale
Proton therapy itself is gaining popularity. Recently one center in the Netherlands has started
clinical operation and threemore centers are planned. The clinical rationale for proton therapy
is the highly conformal dose and thus a lower integral dose. This does not necessarily leads to
the conclusion that proton therapy is the preferred treatment for all indications. Superiority
over regular photon therapy treatment cannot always be proven and because of the high costs
for proton therapy treatment [209, 210] it might not be cost effective, e.g. in prostate cancer
[211–214] and breast cancer [215]. On the other hand, in pediatrics, where dose to healthy
tissue can lead to late effects [216–219] and secondary malignancies [220], proton therapy can
play an important role in reducing morbidity [221] and thus long-term cost reduction[222,
223].
As a consequence, proton therapy treatment is reimbursed by health insurance for specific
indications only and after patient selection [215, 224], both in the Netherlands [224] and
in the United States [209]. Most of these indications are based on models, mostly based on
the Normal Tissue Complication Probablity (NTCP) [225, 226], while true (randomized)
clinical comparison studies between photon and proton therapy are sparse [225].
As clinical treatment has started with theMR-linac [42], where conformality is also improved,
the dose distributions that can be achieved have to be compared to those in proton therapy.
Although the integral dose probably will remain lower in proton therapy than in MR-linac
treatment, the high dose regions might be reduced with the MR-linac, bridging the gap
between photon and proton therapy.
Eventually, the introduction of IGPT should improve dose conformality compared to current
clinical practice, giving a possible boost to proton therapy. Planning studies should therefore
be performed, taking into account the potential margin reductions that may be introduced



Ch
ap
te
r7

7.4 Future perspectives 71

because of image guidance. To perform these planning studies, a suitable treatment planning
system has to be available. The validation of RayStation (chapter 5) provides a platform for
these studies.

7.4 Future perspectives
In the development of MRIgPT, not only the pure dosimetric feasibility is of importance, but
also the clinical viability. This means that clinical planning studies are a next step in the devel-
opment process of MRIgPT. The successful validation of RayStation paves the way for these
studies. The ease of use and the incorporation of a complete planning system and plan anal-
ysis tools, makes a commercial TPS like RayStation a prime candidate for future treatment
planning studies. On the other hand MC packages such as TOPAS can still deliver the high
precision when needed, for example in more exploratory studies involving complex geome-
tries or materials or in simulations for quality assurance of a complex anatomy, as described
in chapter 2.
At the moment all planning is based on CT imaging, which has quite some limitations [201].
Artifacts can limit the usability [227, 228], but even on good quality CT imaging the errors
are non negligible. The conversion of the CT Houndsfield Units (HU) to stopping powers,
based on calibration curves [229], introduces additional uncertainties. The introduction of
dual-energy CT (DECT), can provide better estimations on the stopping power and reduce
range uncertainties compared with regular single-energyCT [203, 230–232], although results
do vary [233]. Nevertheless, DECT cannot deliver the high soft-tissue contrast of MRI.
Therefore MRI imaging can still help in better tissue classification and can also be used for
continuous imaging, due to the lack of ionizing radiation. A switch to MR-only planning
might be a logical step and has already been shown to be feasible [234, 235], but a combination
of pre-treament DECT imaging combined with online MRI imaging could also be used.
Simulations are of course not the only important step towards MRI-guided proton therapy.
The development of a true prototype is necessary to perform experimental validation studies.
Several technical hurdles have to be taken and choices be made. In this work, the beam
enters the system perpendicular to simulated MRI magnetic field, just as in the MR-linac.
This means that in a hybrid system a hole would have to be created for beam entrance, which
might be technical challenging. A beam entering parallel to the magnetic field can be a
solution to this problem. In both cases, the angles of incidence of the proton beam will
be limited. Because of these limitations several treatment systems are under research, e.g.
with alternative patient positioning [43] or a system with either a rotating couch or gantry
[180, 236]. However, rotations of the patient during treatment might lead to anatomical
deformations [180] and underscore the need for online imaging and adaptive planning.
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Experimental MR-proton systems are in development. In the past years, experimental val-
idation of beam trajectories inside a 0.95T magnetic field have been performed [44] and a
0.22T openMRI has been integrated with a static research proton beam line [45]. Although
these experiments are a first step, a lot of work has to be done before a true clinical hybrid
system can be developed.
In the recent years, an increasing number of studies have been published on MRI-guided
proton therapy and there is a consensus that future proton therapy treatment will be image-
guided [180]. This work lays the foundation for future dosimetric and clinical studies for the
further development and, finally, the implementation of MRI-guided proton therapy.
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Chapter 8

Samenvatting

Het doel van radiotherapie is het afleveren van een nauw gelokaliseerde stralingsdosis in een
doelgebied, waarbij het omliggende gezonde weefsel wordt gespaard. In protonentherapie,
waarbij protonen worden gebruikt om deze dosis af te leveren, zou er een nauwere dosislo-
kalisatie bereikt moeten kunnen worden dan bij fotonentherapie. Dit is mogelijk door het
bestaan van de zogenaamde Bragg Peak (BP): het punt waar een groot deel van de dosis
wordt afgegeven in een klein gebied en waar het proton in het lichaam stopt, zoals te zien
is in fig. 8.1. Hierdoor is er sprake van een snelle afname van de dosis, waarbij mogelijk het
weefsel achter het doelgebied gespaard kan worden.

Figuur 8.1: Voorbeeld van een gesimuleerde protonenbundel in water, met een energie van 221.8MeV. De Bragg
Peak is aangegeven in de figuur. Het is goed te zien dat na deze piek de dosis die wordt afgeleverd snel daalt tot 0.

Vanwege deze eigenschap van protonen, namelijk het snelle dosisverval na de Bragg Peak,
kan een kleine verandering in het doelgebied mogelijk een groot effect hebben op de afgele-
verde dosis. Daarom is het, zeker bij protonentherapie, belangrijk om up-to-date informatie
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te hebben over de positie van het doelgebied en de anatomie daaromheen. Je wilt name-
lijk zoveel mogelijk dosis afleveren in het doelgebied, terwijl alles daaromheen juist zo min
mogelijk dosis krijgt. Daarom is de afgelopen jaren, parallel aan de ontwikkelingen in foto-
nentherapie, beeldgestuurde radiotherapie in opkomst in de protonentherapie oftewel IGPT
(image-guided proton therapy). Er zijn verschillende beeldvormingstechnieken die de beelden
kunnen leveren die nodig zijn voor IGPT, waar Magnetic Resonance Imaging (MRI) er een
van is. MRI heeft verschillende voordelen, waaronder het feit dat er beelden van binnen het
lichaam verkregen kunnen worden zonder dat daarbij ioniserende straling wordt gebruikt, in
tegenstellig tot bijvoorbeeld bij een CT. Daarnaast geeft MRI een hoog contrast van weke
delen, zoals spierweefsel en organen, waardoor deze beter geclassificeerd en meegenomen
kunnen worden in het bestralingsplan. Een ideale oplossing voor IGPT zou daarom een hy-
bride MRI-protonentherapiesysteem zijn, vergelijkbaar met de reeds ontwikkelde MR-linac
voor fotonentherapie. Voordat een dergelijk systeem echter ontwikkeld kan worden, moet de
dosimetrische haalbaarheid van protonentherapie in een sterk magnetisch veld, zoals in een
MRI, worden onderzocht. Dat wil zeggen dat er gekeken moet worden of een stralingsdosis
ook in een dergelijk magneetveld afgeleverd kan worden.
Deze dosimetrische haalbaarheid wordt onderzocht met behulp van Monte-Carlosimulaties.
Bij Monte-Carlosimulaties, vernoemd naar het beroemde casino, wordt er niet een enkele
analytische berekening gedaan om te bepalen waar en hoeveel stralingsdosis er wordt afge-
geven, maar worden er zeer veel simulaties gedaan met telkens net iets andere startcondities.
Hierdoor zal een proton telkens net op een iets andere manier zijn dosis afgeven, net zoals
dit in werkelijkheid zou gebeuren. Door het gemiddelde van al deze simulaties te nemen,
neemt uiteindelijk de onzekerheid van de simulatie af en krijg je een realistisch beeld van
het gedrag van (in dit geval) de protonen. Het nadeel van Monte-Carlosimulaties is dat ze
zeer veel rekenkracht vereisen en daarom lang duren (uren tot dagen). In hoofdstuk 2 wordt
er een Monte-Carlomodel beschreven van een protonenbundel, op basis van de klinische
protonenbundel van het MD Anderson Cancer Center Proton Therapy Center in Houston,
Texas. Dit model is geïmplementeerd in de TOol for PArticle Simulations (TOPAS), Monte-
Carlosoftware speciaal ontwikkeld voor deze medische toepassing van protonen en gebaseerd
op de veelgebruikte Monte-Carlosoftware Geant4. Voor de ontwikkeling van het model
zijn metingen gebruikt die eerder zijn verricht bij het afstellen van de klinische protonenbun-
del. Het model blijkt zeer nauwkeurig deze metingen te beschrijven, met fouten kleiner dan
0,1%. Het vereenvoudigen van kwaliteitscontroles, waarbij de machines en bestralingsplan-
nen worden gecontroleerd, is een van de praktische toepassingen van het model. Momenteel
worden hierbij fysieke fantomen (meetopstellingen om de dosis te meten) gebruikt enMonte-
Carlosimulaties zouden deze metingen (deels) kunnen vervangen.
In hoofdstuk 3 wordt gekeken naar het aanpassen van een bestralingsplan op basis van be-
weging tijdens de bestraling: adaptive planning. Hierbij spelen zowel beweging tussen ver-
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schillende momenten van bestraling (inter-fractie) als tijdens het afleveren van een stralings-
dosis (intra-fractie) een rol. Omdat in protonentherapie een verandering in de anatomie heel
grote effecten op de afgeleverde dosis kan hebben, is het van belang om het bestralingsplan
hierop aan te passen. Voor de MR-Linac is er al een adaptive workflow gemaakt om der-
gelijke veranderingen mee te nemen en de beschreven workflow in dit hoofdstuk is hierop
gebaseerd. Bij de MR-Linac wordt er gebruik gemaakt van MRI-beelden. Omdat er nog
geen MRI-protonensysteem bestaat, is dat bij protonentherapie niet op dezelfde manier mo-
gelijk. De workflow kan echter ook geïmplementeerd worden in combinatie met cone-beam
CT, een variant van een normale CT die in de meeste moderne protonentherapiesystemen is
geïntegreerd. Daarom zou deze workflow al gebruikt kunnen worden in de huidige klinische
praktijk. In deze studie wordt gekeken naar de dosisverschillen tussen (1) een statisch, niet-
bewegende patiënt, wat de ideale situatie is, (2) een bewegende patiënt, waarbij het plan niet
wordt aangepast en (3) een bewegende patiënt waarbij het plan wel wordt aangepast om te
compenseren voor de gesimuleerde beweging. Het blijkt dat er gecompenseerd kan worden
voor zowel inter- als intra-fractiebeweging. Hierbij is slechts één keer tussendoor een nieuw
plan gemaakt, waarmee de oorspronkelijk geplande dosis al bijna volledig hersteld en dus op
de juiste plaats afgeleverd kan worden.
In hoofdstuk 4 wordt de dosimetrische haalbaarheid van protonentherapie in een magneet-
veld van 1.5T (Tesla) beschreven. Hiervoor worden er voor drie doelgebieden protonenplan-
nen gegenereerd, zowel bij 0 T (geen magneetveld) als bij 1.5T, de magneetveldsterkte van
de meesteMRI-scanners. Hiervoor wordt tevens een methode beschreven, die ook bij andere
studies is gebruikt, waarmee deze plannen gemaakt worden. De dosisverdelingen voor beide
situaties worden vergeleken, om te kijken of er belangrijke verschillen zijn. Dit blijkt niet het
geval te zijn, waardoor geconcludeerd kan worden dat het effect van het magneetveld klein is
en dat protonentherapie in een dergelijk magneetveld dus dosimetrisch haalbaar is.
In hoofdstuk 5 wordt er uiteindelijk gekeken naar de implementatie van de protoneninter-
acties in een magneetveld in RayStation, een commercieel softwarepakket om bestralings-
plannen mee te maken. Deze implementatie wordt gevalideerd met het eerder beschreven
Monte-Carlomodel in TOPAS. Hierbij wordt eerst gekeken of het gedrag van simpele proto-
nenbundels overeenkomt, zowel buiten als binnen eenmagneetveld. Daarna wordt er gekeken
naar een bestralingsplan, wat deels wordt gesimuleerd in zowel RayStation als TOPAS. Het
blijkt dat er een grote overeenkomst is tussen de resultaten. Door deze validatie is het nu
mogelijk om met RayStation verdere klinische planningsstudies uit te voeren, wat aanzienlijk
makkelijker gaat dan in TOPAS zelf, aangezien RayStation hier specifiek voor is ontwikkeld.
Deze studies zijn nodig om de klinische onderbouwing voor MRI-geleide protonentherapie
verder te ontwikkelen en kunnen uiteindelijk leiden tot de werkelijke ontwikkeling van een
hybride MRI-protonentherapiesysteem.
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plezier kunnen volmaken. Daan, Filipa, Mick, Robin, Stefan, Steven, Soraya: heel veel
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leuke avonden, het soms veel te lang ‘even’ bijkletsen en de updates (als ik er wel een keer
bij was). Alle oio’s, bedankt voor de gezelligheid zowel op als buiten de afdeling. Ik hing
altijd een beetje tussen de groepen in, maar heb dankzij jullie allemaal een geweldige tijd op
de afdeling gehad!
Thanks to the people at the proton therapy center of MD Anderson, the work I was able to
do in Houston formed the basis for most of my research. Peter, dankzij jou was mijn tijd in
Houston nog een stuk leuker. Geert en Petra, dankzij jullie was de ESTRO-cursus in Parijs
een van de hoogtepunten van mijn promotie. Charis, thanks for helping me out all the time
and the sometimes intensive, but fruitful discussions. Alexis, dank voor alle discussies over
mijn Linux-perikelen. Judith, fijn dat ik altijd een luisterend oor bij je kon vinden. Jan, je
kritische blik op de ontwikkelingen in de protonenwereld was altijd waardevol. ErikK, ErikT,
Antje, and Gabriel, thanks for all the time and effort you put in our joint project.
Alle (oud-)besturen en actieve leden van de NSA, dank voor alle mooie avonden en weeken-
den. Arthur, ik mis regelmatig je niet zo genuanceerde mening over werkelijk alles, dus ik
hoop dat je die ook vanuit Schotland vooral blijft delen.
Zonder alle vrienden met wie ik in de afgelopen jaren vaak een fantastische tijd heb gehad,
veel biertjes en wijn heb gedronken en die er altijd voor me waren, had ik het nooit gered.
Ellen, Wouter, Maartje, Jantien, David, Thijs, Kim, Jasper, Isabelle, Joris, Sigrid, Wieteke,
Jelle, Jochem,Marieke, Ana, jullie zijn allemaal geweldig en ik hoop jullie allemaal weer vaker
te zien! Robbie, de (te) vele koffie’s hebben er de afgelopen tijd vaak voor gezorgd dat ik het
nog een beetje volhield.
De Umbrië-gangers hebben de afgelopen jaren vaak tot een feest gemaakt, dus Andrea, Jiri,
Maartje, Doortje, Sander, Manuel, Simon, Job, Jolanda, Wieger, Reinier, Jan, Jesse, Joris,
Lodewijk, Gijs, Shayla, Arthur en Celeste: ik kijk uit naar alle gezelligheid, goede gesprekken
en feestjes in de komende jaren!
Voor het afronden van dit alles, heb ik een geweldig team dat mij bijstaat. Loek, met jou
is het altijd leuk. We hebben zoveel avonden diep in de nacht nog één biertje genomen,
je hebt me aangestoken met het snowboardvirus (jammer van die ski’s...), ik kan het overal
met je over hebben en ook als het even moeilijk ging was je er altijd. En er is niemand
anders met wie ik in de stortregen zou gaan barbecueën. Ik kijk uit naar nog veel mooie
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avonden! Rosemarie, ik word altijd blij als we samen weer uren zitten te kletsen bij een kopje
thee, een onmogelijke 5a klimmen die eigenlijk gewoon toch echt een 7b+ is en we weer een
legendarisch verjaardagsfeestje bij jou thuis hebben. Ik heb bewondering voor je vrolijkheid,
enthousiasme en de positieve manier waarop je in het leven staat. Laten we met dit alles
vooral doorgaan en wie weet een keer een echte 7b+ klimmen (en weer een keer uitgaan!).
Met jullie twee als partynimfen wordt het sowieso een geweldig feest!
Noor, we kennen elkaar nu al een eeuwigheid en het is altijd goed. Ik kan alles met je delen
en het is fijn dat we het eigenlijk altijd zo met elkaar eens zijn. Je weet me telkens weer te
inspireren met hoe je je leven aanpakt en bent, ook de afgelopen jaren, een enorme steun
geweest. Ongetwijfeld komen er nog genoeg lange avonden, diepe gesprekken, roadtrips en
nog veel meer: ik heb er zin in! Maarten, wat hebben we veel mooie vakanties, wintersporten,
festivals en feestjes meegemaakt, maar ook gewoon relaxte avonden op de bank. Ik kan altijd
voor alles bij je terecht en vind het heel fijn dat er meestal maar weinig woorden nodig zijn.
Doordat we door een eigenlijk bizar toeval nu op bijna hetzelfde moment ons proefschrift
moeten verdedigen, was je ook in deze laatste, stressvolle maanden een enorme steun. Ik
hecht enorm veel waarde aan onze vriendschap en we gaan in de komende jaren vast nog
genoeg avonturen beleven! Met jullie aan mijn zijde als paranimfen ga ik mijn verdediging
vol vertrouwen tegemoet.
Mam, pap, ik heb me regelmatig afgevraagd hoe jullie al mijn carrièreswitches en steeds weer
nieuwe plannen hebben kunnen volgen. Ondanks al mijn grillen hebben jullie altijd vertrou-
wen in me gehad en zijn jullie me volledig blijven steunen om mijn eigen keuzes te maken en
mijn eigen pad te vinden. Ik ben jullie daar ontzettend dankbaar voor.
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